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0.0  Abstract 

Significant  advantages  can  be  gained  by  the  use  of  high  energy  density  fuels  in 
volume  limited  applications.  However,  excessive  soot  formation  that  accompanies  the 
combustion  of  these  fuels  presently  limits  their  application.  Fuel  additive  approaches 
prove  attractive  as  they  require  minimal  modifications  to  already  existing  equipment.  In 
the  present  study,  a  variety  of  flame  configurations  were  used  to  study  the  additive  effects 
on  soot  formation.  Through  tests  conducted  on  laminar  diffusion  flames  carbon  disulfide 
(CS2)  and  methanol  (CH3OH)  were  found  to  be  the  most  effective  soot  suppressants. 
Chemical  interaction  by  either  additive  was  found  to  far  surpass  the  physical  influences. 
However,  the  exact  nature  of  the  chemical  action  could  not  be  established  with  the 
current  set  of  experiments.  Additionally,  both  of  these  additives  were  found  to  reduce 
soot  formation  in  at  least  one  high  energy  density  fuel  -  quadricyclane  (CyHg).  To  further 
validate  this  approach,  studies  were  conducted  using  droplet  flames  and  high-pressure 
spray  flames. 

1.0  Introduction 

The  interest  in  the  development  of  compact,  high-specific  impulse  propulsion 
devices  has  stimulated  extensive  research  in  the  synthesis  and  use  of  high  energy  density 
fuels  (HEDF).  These  fuels  have  a  highly  strained  molecular  structure  (strain  energies  of 
the  order  70  -  160  kcal/mole),  which  result  in  high  heat  releases  on  their  combustion. 
Though,  the  strain  energies  are  relatively  small  compared  to  the  overall  heat  of 
combustion,  they  may  result  in  significantly  different  combustion  properties.  Normal 
fuels,  which  are  composed  of  stable  molecules,  require  significant  energy  input  to  break 
the  chemical  bonds  before  the  large  energy  release  from  combustion  occurs.  For  strained 
molecules,  it  may  be  possible  to  release  the  energy  stored  in  molecular  strain  at  an  early 
stage  of  combustion.  This  early  energy  release  can  enhance  vaporization  of  these  fuels 
and  subsequent  pyrolysis.  Also,  single  droplet  studies  using  solutions  and  slurries  of  these 
fuels  show  that  reactions  are  not  only  limited  to  the  gas  phase.  The  liquid  phase  reactions 
of  these  fuels  not  only  reduce  the  latent  heat  of  vaporization,  but  also  induce  the  droplets 
to  micro-explode  when  they  are  internally  heated  to  the  limit  of  superheat  [1]. 

Also,  as  seen  in  Table  1,  values  of  heat  release  per  unit  (liquid)  volume  of  these 
fuels  are  in  excess  (>25%)  of  those  t5q)ical  to  petroleum  distillates.  Such  high  values  can 
mainly  be  attributed  to  the  high  density  of  these  fuels.  In  fact,  these  fuels  are  quite  often 
referred  to  as  “high  energy,  high  density  fuels”  in  the  literature.  Such  characteristics  have 
implications  towards  longer  flight  range  and  decreased  fuel  tank  sizes,  and  render  the  use 
of  these  fuels  in  volume-limited  applications  such  as  aircraft  and  rockets  very  attractive. 

However,  the  present  synthesis  processes  have  not  yet  been  perfected  to  an  extent 
that  these  fuels  can  be  obtained  in  sufficiently  large  quantities.  Moreover,  most  of  the 
synthesized  fuels  are  solids  at  room  temperature  which  precludes  their  use  in  the  form  of 
a  spray.  Initial  efforts  to  use  these  fuels  in  the  form  of  a  solution  were  limited  by  their  low 
solubility.  Moriarty  and  Rao  [2]  have  identified  four  potential  high-energy-density  fuels: 
(I)  cubanes  CsHg,  (II)  tetrahedrane  C4H4,  (IH)  quadricyclane  C7H8,  and  (IV)  dihydro 
benzvalene  CeHg.  While,  I  and  n  are  not  yet  available  by  a  feasible  synthetic  process. 
Both  in  and  IV  are  liquids  at  room  temperatures,  a  feature  highly  desirable  for  aviation 
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purposes.  However,  IV  is  limited  by  its  proclivity  to  rearrange  to  isomeric  benzene. 
Quadricyclane,  on  the  other  hand,  is  stable  and  is  readily  available  commereially. 

Heavy  soot  emissions,  a  characteristic  common  to  the  combustion  of  all  of  these 
fuels,  serves  as  the  chief  limiting  faetor  for  their  use  in  praetical  combustion  devices. 
Studies  on  soot  control  among  these  fuels  were  limited  by  the  inability  to  produce  them  in 
large  quantities.  Despite  such  limitations,  a  few  studies  have  been  performed 
investigating  soot  eontrol  amongst  these  fuels  but  with  limited  success.  Law  and  Moriarty 
[3]  observed  the  burning  rate  of  these  fuels  could  be  enhanced  by  the  addition  of  an  azide 
group  to  the  fuel  moleeules.  The  unstable  azide  group  initiates  the  exothermic  reaction 

R-N3^R-N  +  N2,  (1) 

which  leads  to  micro-explosion  of  droplets  thereby  enhancing  the  fuel  vaporization  and 
mixing.  Similarly,  modification  of  synthesis  proeesses  to  add  oxidative  OH  radical  to  the 
fuel  molecular  structure  seems  possible  at  least  in  the  case  of  benzvalene. 

Table  1.  Combustion  characteristics  of  some  typical  high  energy  density  fuels 


Fuel 

Density 

(g/cm^) 

AHr 

(kcal/g) 

AHr 

(kcal/liq. 

cm^) 

Strain 

Energy 

(kcal/g) 

Remarks 

Petroleum 

Distillate 

RP-1 

(C8Hi5,54) 

0.773 

10.72 

8.29 

- 

High 

Energy 

Density 

Fuels 

Cubane 

(CgHg) 

1.29 

10.90 

14.06 

1.548 

solid 

Quadricycl 
ane  (CyHs) 

0.982 

10.87 

10.67 

0.854 

Benzvalene 

(CaHe) 

10.65 

9.36* 

1.042 

unstable 

Dihydrobe 

nzvalene 

(C6H8) 

0.710* 

10.66 

7.57* 

0.908 

difficult 

to 

process 

Aromatics 

Benzene 

(CeHe) 

0.874 

9.711 

8.48 

- 

- 

Toluene 

(C6H5CH3) 

0.865 

9.686 

8.38 

- 

- 

*  These  values  are  not  well  established,  and  are  suspect  for  accuracy 

2.0  Research  Objectives 

The  motivation  for  the  present  research  stems  from  the  need  to  achieve  soot  eontrol 
with  the  intended  use  of  high  energy  density  fuels  for  aviation  purposes.  Many  previous 
investigations  on  jet  engine  emissions  have  reached  the  conclusion  that  design 
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modifications  are  the  best  method  of  achieving  lower  emissions.  But  design  modifications 
may  not  be  possible  in  all  cases,  particularly  where  the  use  of  already  existing  hardware  is 
intended.  Considerations  such  as  power  and  reliability  at  all  operating  altitudes 
sometimes  make  other  solutions  more  desirable.  Additionally,  staged  combustion 
systems,  now  prominently  considered  for  NOx  reduction,  also  increase  the  tendency  for 
sooting  :  a  fuel  rich  primary  zone  is  likely  to  enhance  soot  production.  Thus  even  the  best 
possible  design  modifications  may  still  need  help  in  the  form  of  fuel  modifications,  or 
fuel  additives  to  keep  soot  formation  within  acceptable  levels. 

With  the  above  implications  in  mind,  the  following  objectives  have  been  identified 
for  the  present  study  : 

1)  Experimentally  identify  chemical  additives  which  are  effective  in  curtailing  soot 
formation;  attention  being  given  to  those  which  are  liquids  at  room  temperature  and 
those  that  are  easily  blendable  with  fuels.  Additionally,  factors  such  as,  toxicity  and 
deposits,  need  to  be  considered  which  limit  the  present  study  to  non-metallic 
additives. 

2)  Gain  valuable  insights  into  the  chemical  mechanisms  active  with  the  addition  of  these 
soot  suppressants,  and  establish  links,  if  any,  to  the  already  existing  chemical  kinetics 
database. 

3)  Based  on  the  information  gained,  it  is  intended  to  make  recommendations  regarding 
potential  molecular  groups  which  may  be  directly  incorporated  into  the  molecular 
structure  of  these  high  energy  density  fuels  during  their  synthesis  process,  so  as  to 
curtail  soot  formation. 


3.0  Research  Accomplishments 
3.1  Experimental  Methodology 

Fuel  additive  approaches  have  long  been  employed  for  the  control  of  soot  emissions 
[4,  5].  A  brief  review  of  the  literature  reveals  numerous  additive  influences  to  be  effective 
that  include  both  physical  and  chemical  effects. 

The  physical  influences  are  :  temperature  effects  due  to  increased  heat  capacity  of 
the  additive;  dilution  by  either  inerts  or  by  low  sooting  fuel  additives;  differential 
diffusion  which  reduces  the  concentration  of  soot  precursor  species;  and  reduced  thermal 
diffusivities  which  result  in  smaller  residence  times  in  the  soot  growth  region.  The 
chemical  influences  are  specific  to  the  additive  employed,  and  are  usually  associated  with 
the  changes  induced  in  the  radical  concentrations  important  to  the  soot  precursor 
formation. 

It  needs  to  be  mentioned  that  most  of  the  above  influences  are  interdependent,  and 
the  above  classification  merely  provides  a  basis  for  the  discussion  of  each  effect.  A 
potential  experimental  methodology,  besides  evaluating  the  importance  of  each  of  these 
influences,  should  additionally  identify  the  effects  on  various  stages  of  soot  formation  - 
fuel  pyrolysis,  inception,  surface  growth  and  oxidation.  The  recent  advances  in  this 
direction  use  integrated  soot  volume  fraction  [6],  Ify,  and  critical  strain  rate,  Kp  [7], 
parameters  which  are  too  global  to  address  processes  occurring  at  the  molecular  level.  For 
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the  present  purposes,  an  approach  using  co-annular  laminar  diffusion  flames  was 
followed,  which  allows  examining  the  individual  stages  of  soot  formation. 

As  established  by  previous  studies,  co-annular  flames  with  similar  carbon  atom 
flow  rates  have  almost  similar  flame  lengths  [8].  Moreover,  based  on  theoretical 
treatments  by  Kent  and  co-workers  [9],  the  axial  height  can  be  normalised  as 
T}  =  HjL^ai  using  a  flame  length  calculated  as  [10] 


(2) 


where.  Led  is  in  mm,  Qp  is  the  fuel  flow  rate  in  cm^/s,  and  S  is  the  stoichiometric  molar 
air  to  fuel  ratio.  Similarly,  the  radial  positions  can  be  normalised  as 


(2) 


-3  •  • 

where,  df^  eth  is  the  diameter  of  a  reference  flame  with  ethene  flow  rate  3.85  cm  Is,  and  it  is 
assumed  that  the  flame  diameter  scales  as  « (gf •  Further,  it  should  be  noted  that 

the  above  normalization  results  in  axial  heights  r]  being  non-dimensional  while  the  radial 
positions  ^  have  the  dimensions  of  millimeters.  Such  a  normalization  enables  the 
comparison  of  the  measured  scalar  profiles  among  different  flames.  This  aspect  proves 
instrumental  for  the  present  purposes  where  flames  of  different  fuel  compositions  are 
studied. 


3.2  Experimental  Techniques 


Table  2.  lists  the  techniques  employed  to  measure  the  scalar  properties  relevant  to 
this  study.  Though  these  techniques  are  briefly  discussed  below,  the  reader  is  referred  to 
the  corresponding  references  for  further  details. 


Table  2  :  Measurement  techniques  employed  in  the  present  study. 


Parameter 

Measured* 

Technique  Employed 

Reference 

/v 

Laser  Induced  Incandescence  (LII) 

[11,12] 

D63,N 

LII  &  Laser  Light  Scattering  (LLS) 

[13] 

r  (Kelvin) 

Rapid  insertion  thermocouple 
technique 

[14] 

[OH  1,  [OD 1 

Fluorescence 

[15] 

[Small  PAH], 

[Large  PAH] 

Fluorescence 

[16] 

[Stable  Species] 

Gas-Chromatography 

[17] 

*  [. . .]  represents  concentration  of  the  respective  species 
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3.2.1  The  Burner  and  Vaporizer  System  : 


A  schematic  of  a  co-annular  laminar  diffusion  flame  arrangement  is  shown  in  Fig. 
1.  In  this  flame  gaseous  or  a  prevaporized  fuel  is  passed  from  a  central  fuel  tube  while  air 
passes  through  the  outer  concentric  tube.  The  flow  conditions  prevailing  at  the  exit  of  the 
tubes  ensure  a  laminar  flow.  A  flame  is  established  in  the  mixing  region  of  these  flows, 
where  close  to  stoichiometric  conditions  are  established.  In  such  an  arrangement,  the 
various  stages  involved  in  soot  formation,  i.e.,  inception  through  oxidation,  are  spatially 
separated,  which  allows  one  to  examine  the  effects  of  various  operating  conditions  on 
each  of  these  processes.  As  overventilated  versions  of  these  flames  are  highly 
reproducible  and  stable,  an  abundance  of  literature  has  been  established  in  this 
configuration. 

For  reasons  mentioned  above,  co-annular  laminar  diffusion  flames  were  used  in  this 
study.  Furthermore,  the  data  and  understanding  that  has  already  been  established  in  our 
laboratory  was  expected  to  be  instrumental.  Fig.  1.  shows  a  schematic  diagram  of  the 
burner  used  in  this  investigation.  It  consists  of  a  1.1 1  cm  internal  diameter  brass  fuel  tube 
within  a  concentric  10.2  cm  internal  diameter  brass  air  annulus.  The  fuel  tube  extends  0.4 
cm  above  the  air  annulus  which  is  12.5  cm  long.  The  air  annulus  contains  a  series  of 
gage-70  wire  meshes,  a  0.3  cm  glass  bead  bed  and,  finally  a  2.54  cm  thick  ceramic 
honeycomb  (Coming-0.15  cm  cell  size)  which  provide  flow  conditions  to  achieve  a 
uniform  flow  at  the  exit  of  the  burner.  A  46  cm  long  brass  chimney  shields  the  flame 
from  laboratory  air  currents.  Slots  machined  in  this  chinmey  besides  providing  optical 
access,  were  also  used  to  introduce  sampling  probes  and  thermocouples. 

The  vaporizer  consisted  of  a  swagelok  “Tee”  section  stuffed  with  glass  wool.  The 
temperature  of  this  “Tee”  section  along  with  that  of  the  burner  was  monitored  by  electric 
heaters  wrapped  around  this  system.  Liquid  additive  was  introduced  into  the  fuel  stream 
using  a  S5n:inge  pump.  Sufficiently  stable  flames  could  be  achieved  in  this  system  even 
while  having  no  flow  through  the  carrier  fuel  stream. 


Air  in 


Liquid 


Air  in 


Carrier  Fuel 
Flow 


Honey  comb 


Glass  Beads 

Wire  Mesh 

Perforated  Brass 
Plate 


Tee  Stuffed 
with  Fiber  wool 

Heating 

wire 


Figure  1.  Co-annular  laminar  diffusion  flame  burner  and  the  vaporizer  system  used  to 
introduce  liquid  additives 
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3.2.2  Soot  Aerosol  Characterization  : 


Laser-induced  incandescence  (LII),  a  recently  perfected  technique,  was  used 
in  measuring  the  soot  volume  fraction  in  various  flames.  In  this  technique,  laser  radiation 
is  used  to  heat  soot  particles  close  to  their  boiling  point  (i.e.,  about  3700  K),  and  the 
ensuing  radiant  emission  from  these  particles  when  collected  after  an  appropriate  time 
interval  and  in  a  certain  spectral  band  is  found  to  be  proportional  to  the  local  soot  volume 
fraction.  Fig.  2.  shows  a  typical  experimental  setup  to  measure  2-D  LII.  A  285  mJ/pulse, 
near-Gaussian-profile  beam  from  the  YAG  laser  was  shaped  into  a  350  jxm  thick 
(FWHM)  laser  sheet  with  a  combination  of  a  diverging  cylindrical  lens  (focal  length  =  6 
cm)  and  a  spherical  lens  (focal  length  =  2  m).  An  aperture  placed  in  front  of  this  lens 
combination  allowed  one  to  use  only  the  central  portion  of  the  laser  sheet,  thereby 
providing  a  uniform  laser  sheet  at  the  focal  point. 


Figure  2  :  A  typical  experimental  setup  to  measure  planar  laser-induced  incandescence 

The  Ln  images  were  collected  by  an  image  intensified  CCD  camera  (Princeton 
Instruments,  Model  ICCD-576S/RB)  placed  perpendicular  to  the  laser  sheet.  A 
combination  of  a  105  mm  focal  length  UV  lens  (Nikon,  f^4.5)  and  an  interference  filter 
(450±25  nm)  placed  in  front  of  the  camera  helped  in  collection  of  the  LII  image. 
Interference  from  the  scattered  laser  radiation  was  avoided  by  collection  of  the  signal  20 
ns  following  the  laser  pulse  through  the  flame.  The  LII  signal  collection  was  limited  to  a 
time  period  of  18  ns,  which  is  much  shorter  than  the  LII  signal  decay  time  (approx.  500 
ns),  to  avoid  signal  variations  due  to  differences  in  particle  size. 

In  a  similar  setup,  laser  light  scattering  (LLS)  measurements  were  performed  by 
having  a  532±2  nm  interference  filter  in  front  of  the  camera  and  by  limiting  the  signal 
collection  to  the  advent  of  the  incident  laser  pulse.  Values  of  the  volumetric  cross- 
sections,  Qvv,  were  obtained  by  calibrating  the  signals  from  a  pure  ethene  jet.  Such 
measurements  can  be  used  with  local  soot  volume  fraction  information  to  obtain  soot 
particle  size  and  number  density  information.  Assuming  the  particles  to  be  within  the 
Rayleigh  regime,  i.e,  {nD/X)  <  0.3,  the  mean  particle  diameters  can  be  calculated  as 
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As  = 


2A 


3n^F{m)f^ 

where,  for  the  complex  index  of  refraction  m. 


K 


F(m)  = 


m  -1 


+  2 


Similarly,  number  densities  can  be  evaluated  as 

12/v 


N  =  - 


kD, 


63 


3.2.3  Rapid  Insertion  Thermocouple  Technique 


(3) 

(4) 

(5) 


In  moderately  sooting  flames  (/i,  «  1  -  20  ppm),  temperature  measurement  by 
thermocouples  is  difficult  due  to  interferences  from  soot  deposited  on  the  thermocouple 
beads.  In  such  flames,  a  rapid  insertion  thermocouple  technique,  similar  to  the  one  used 
by  Kent  and  Wagner  [14],  was  employed.  In  this  technique,  soot  deposited  on  the 
thermocouple  is  burnt  away  by  placing  it  in  an  oxygen  rich  region  of  the  flame  where 
temperatures  in  excess  of  1500°C  are  achieved.  Such  "bum-off  points"  in  the  flame  are 
predetermined  through  a  few  trial  measurements.  At  any  measurement  point,  shorter 
residence  time  for  the  thermocouple  is  recommended  to  avoid  soot  deposition  effects. 
However,  sufficient  time  needs  to  be  allowed  for  the  thermocouple  to  be  in  equilibrium 
with  its  surroundings.  A  computer  controlled  stepper  motor  system  and  a  data  acquisition 
system  were  instrumental  in  performing  such  measurements. 

To  minimize  interference  effects,  fine  wire  thermocouples  -  with  bead  diameters  in 
the  range  150  -  250  |xm  -  were  used.  Also,  a  forked  prong  arrangement  as  used  previously 
by  Richardson  [18]  minimizes  effects  due  to  conduction,  as  well  as,  those  due  to 
interference.  The  measured  temperatures  were  corrected  for  radiation  losses. 

It  needs  to  be  mentioned  that  in  heavily  sooting  flames  (fv  >  20  ppm),  soot 
deposition  effects  are  aggravated  to  an  extent  that  accurate  temperature  measurements  are 
not  possible.  Also,  in  these  heavily  sooting  flames,  energy  dissipation  through  radiative 
processes  is  very  high,  and  the  consequent  temperatures  are  so  low  that  "bum  off  of  soot 
cannot  be  achieved. 


3.2.4  Laser  Induced  Fluorescence  -  OH .  OD  : 

Hydroxyl  radical  (OH)  has  long  been  identified  to  be  one  of  the  important  oxidative 
species  during  combustion.  Also,  regions  of  high  OH'  concentration  are  believed  to 
represent  regions  of  high  chemical  activity  thereby  identifying  the  flame  front. 

The  experimental  arrangement  {cf.  Fig.  3.)  for  OH  radical  fluorescence  is  similar  to 
the  one  followed  by  Puri  et.  al.  [15].  The  output  from  a  YAG  pumped  dye  laser  after 
frequency  doubling  is  focused  at  the  center  of  a  laminar  diffusion  flame.  The  dye  laser 
was  tuned  to  a  wavelength  of  283.55  nm  which  corresponds  to  the  Qi(8)  line  of  the  A  S 
4-  X^Tti  (1,0)  band  of  OH'.  Excitation  from  the  N”=  8  level  was  selected  in  order  to 
minimize  the  Boltzmann  population  correction  with  temperature  (less  than  5%  over  the 
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range  1400  to  2100  K).  Low  laser  energies  were  utilized  to  ensure  that  the  fluorescence 
signals  measured  were  within  the  linear  regime.  The  signal  was  collected  using  a  micro 
channel  plate  intensified  CCD  camera  interfaced  with  a  personal  computer.  WG320  and 
UGl  1  glass  filters  along  with  a  UV  Nikon  lens  used  in  front  of  the  camera  limited  signal 
collection  to  a  spectral  band  ranging  between  270  -  320  nm  (50  %  transmission  cut-off). 
This  procedure  allowed  signal  collection  corresponding  to  the  (0,0)  and  (1,1)  emission 
bands  of  the  OH',  while  avoiding  the  scattered  laser  light  from  the  soot  particles. 
Corrections  due  to  the  absorption  of  the  incoming  beam  for  the  Qi(8)  transition  were 
expected  to  be  small  and  were  not  incorporated.  Furthermore,  errors  due  to  fluorescence 


fluorescence. 

Interference  from  broad  band  PAH  fluorescence  and  laser-induced  incandescence 
signals  can  be  minimized  by  noting  that  they  are  spatially  well  separated  from  the  OH' 
fluorescence  signal.  Also,  as  PAH  fluorescence  lifetime  is  much  larger  than  OH' 
fluorescence  lifetime  interference  from  PAH  can  be  minimized  by  operating  the  camera 
with  gate  as  small  as  possible  (5-18  ns  typical).  Also,  interference  from  laser-induced 
incandescence  is  avoided  by  using  sufficiently  small  laser  fluence  levels. 

Absolute  concentrations  were  obtained  by  carrying  over  calibrations  from  the 
measurements  of  Puri  et  al.  [15]. The  measured  signals  were  corrected  for  quenching 
following  a  novel  method.  While  using  the  quenching  cross-sections  suggested  in 
reference  [19],  estimates  of  quenching  for  equilibrium  mixtures  at  stoichiometries 
between  0.6  and  1.6  were  obtained  for  the  three  flames  of  interest  to  this  study  -  C2H4, 
C2H4  +  25%  CH3OH  and  C2H4  +  25%  CS2.  Correction  factors  based  on  such  estimates, 
C,  allowed  the  transfer  of  calibrations  from  the  pure  ethene  flame  to  the  other  two  flames 
where  different  amounts  of  H2O  and  CO2  -  species  accounting  for  nearly  70%  of 


9 


fluorescence  quenching  -are  expected  to  be  formed.  Subsequently,  absolute  OH  radical 
concentrations  were  obtained  as 


[oh\  =  [oh] 


ref 


5  ] 

Kf 

r  c] 

V  T 

c 

K.'-ref  ; 

(6) 


where,  S  is  the  signal,  and  T  the  local  temperature  in  degrees  Kelvin.  For  the  present 
measurements,  the  peak  OH  concentration  values  at  20  mm  axial  height  in  a  3.85  cc/sec 
ethene  flame  were  used  as  reference  values.  At  the  flame  temperatures  the  variation  of  the 
quenching  rate  upon  the  initially  excited  rotational  level  (N’=  8  and  N’=  10  for  the 
transitions  studied  here)  is  expected  to  be  less  than  10%  [19]. 

In  a  similar  manner,  relative  OD  fluorescence  signals  were  obtained  with  laser 
excitation  at  287.680  nm. 


3.2.5  Laser  Induced  Fluorescence  -  PAH  : 

As  mentioned  earlier,  PAH  constitute  the  aromatics  from  1 -ringed  compounds 
like  benzene  to  large  multi-ringed  compounds  such  as  coronene.  As  it  is  difficult  to 
devise  an  optical  scheme  to  measure  the  concentrations  of  each  of  these  species,  it  is  only 
possible  to  measure  the  relative  concentrations  of  small  and  large  PAH  molecules. 

For  excitation  in  the  UV  at  266  nm,  the  fluorescence  spectrum  from  small  PAH  (<2 
aromatic  rings)  is  as  shown  in  Fig.  4.  As  observed  these  molecules,  mainly  constituting  of 
acenapthalene,  show  a  single  peak  at  ~  280  nm,  while  exhibiting  very  little  fluorescence 
in  the  visible.  For  similar  excitation,  the  fluorescence  spectrum  by  large  PAH  molecules 
(2<  number  of  aromatic  rings  <  4),  exhibits  a  bimodal  nature  with  an  additional  peak  in 
the  visible  (-  480  nm).  Based  on  such  spectral  differences,  one  can  obtain  estimates  about 
the  relative  concentrations  of  either  species  by  collecting  fluorescence  signals  in  the  UV 
(~  280  nm)  and  in  the  visible  (~  480  nm)  wavelengths.  It  should  be  noted  that  our 
previous  scheme  [20]  which  was  based  on  fluorescence  spectra  at  room  temperatures  [21] 
differs  considerably  from  the  present  one. 


small  PAH 
large  PAH 


Wavelength,  nm 


Figure  4. :  The  fluorescence  spectra  of  small  and  large  PAH  species  when  excited  by  laser 
light  at  a  wavelength  of  266  nm. 
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The  experimental  arrangement  used  for  these  measurements  was  similar  to  the  one 
used  for  OH  fluorescence  measurements  (cf.  Fig.  3.).  The  532  nm  output  from  a  Nd:YAG 
was  frequency  doubled  and  the  ensuing  266nm  beam  was  focused  at  the  center  of  flame. 
UV  fluorescence  signals  were  collected  by  using  a  combination  of  WG295  and  UGll 
Schott  color  glass  filters,  while  the  visible  fluorescence  was  collected  by  using  a  500±5 
nm  interference  filter.  To  reduce  interferences  due  to  Rayleigh  scattering  the  266  nm 
beam  was  horizontally  polarized.  Additionally,  the  signal  collection  was  delayed  by  12  ns 
from  the  peak  of  the  laser  pulse.  Also,  very  low  laser  fluences  (<  50  (xJ/pulse  while  using 
1.0  m  focal  length  lens)  were  used  to  ensure  minimal  interference  from  the  C2 
fluorescence  [16]  and  laser-induced  incandescence. 

3.2.6  Gas  Chromatography : 

The  gaseous  species  at  various  points  in  the  flame  were  sampled  using  an  electro¬ 
mechanical-sonic  probe  [17].  They  were  further  pressurized  using  a  piston-cylinder 
arrangement  and  stored  in  a  16  loop  Valeo  valve  system  for  later  analysis.  A  gas 
chromatograph  equipped  with  Porapak  Q  and  Porapak  S  columns  in  series  with  a 
molecular  sieve,  and  using  TCD  and  FID  detectors,  enables  the  determination  of 
concentrations  of  species  up  to  CeHe.  However,  by  following  such  a  procedure,  the  sum 
of  the  measured  mole  fractions  would  usually  be  less  than  unity  (typically  -  0.8),  and  a 
normalization  was  performed  to  establish  concentrations  on  an  absolute  scale. 
Additionally,  using  the  present  setup,  mole  fractions  of  SO  and  SO2  could  not  be 
determined  in  flames  to  which  CS2  was  added.  Equilibrium  calculations  for 
stoichiometries  between  0.6  and  1.6  in  C2H4  +  25%CS2  flames,  show  SO  and  SO2 
concentrations  to  be  less  than  4%.  Accordingly,  little  error  should  be  introduced  into  the 
overall  analysis  by  neglecting  their  concentrations.  Also,  it  needs  to  be  mentioned  that  the 
measured  concentrations  of  stable  species  would  have  a  contribution  from  the  radicals  in 
the  gas  sample.  To  illustrate  this  point  further,  the  measured  C2H4  concentrations  would 
have  contributions  from  radical  recombinations,  such  as,  C2H3  +  H  and  CH3  +  CH3 
followed  by  dehydrogenation. 

By  using  the  above  techniques,  considerable  effort  was  spent  to  identify  potential 
additives  for  soot  control.  Amongst  those  tested,  CS2  and  CH3OH  were  found  to  be  the 
most  effective.  Subsequently,  further  experiments  were  conducted  to  identify  the 
mechanisms  by  which  these  additives  influence  soot  formation. 

3.3  Ethene  Laminar  Flame  Studies 


Ethene  laminar  diffusion  flames  were  established  with  the  carbon  atom  flow  rate 
held  constant,  i.e.,  with  a  value  equivalent  to  an  ethene  fuel  flow  rate  of  3.85  cm  /s  {cf. 
Table  3.). 

3.3.1  Variations  in  Soot  Particle  Field  : 

Planar  images  of  soot  volume  fraction,  /v,  number  density,  N,  and  mean  particle 
size,  Z)(55,  were  obtained  using  LII  and  LLS  techniques.  On  comparing  the/v  images  of  the 
flames  of  interest,  one  notices  soot  reductions  up  to  60%  with  methanol  addition  and  up 
to  80%  with  CS2  addition  (cf.  Fig.  5).  Most  notable  features  upon  methanol  addition  are. 
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(a)  the  shorter  flame  length,  and  (b)  the  substantially  diminished  number  densities. 
Similar  features  upon  CS2  addition  are,  (a)  the  reduction  in  the  particle  size  (which  is  not 
the  case  upon  methanol  addition),  and  (b)  the  suppression  of  soot  formation  in  the  annular 
region. 


Figure  5.  Planar  images  of  soot  volume  fraction  in  C2H4,  C2H4  +  25%  CH3OH,  and 
C2H4  +  25%  CS2  flames. 

Table  3.  Flow  rates  for  ethene  flames 


Fuel 

cm  /s 

Additive 

cm^/s 

Mole% 

of 

additive 

C%of 

additive 

Tad  (K) 

C2H4 

3.85 

2370 

C2H4 

3.30 

CH3OH 

1.10 

25.0 

14.2 

2347 

C2H4 

3.30 

CH4 

1.10 

25.0 

14.2 

2345 

C2H4 

3.30 

CS2 

1.10 

25.0 

14.2 

2346 

C2H4 

3.30 

CO2 

1.10 

25.0 

14.2 

2328 

**Air  flow  rate  for  all  the  flames  is  1060  cc/sec 
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3.3.2  Temperature  Effects  : 

The  temperature  effects  introduced  upon  CH3OH  addition  were  determined  by 
comparing  with  the  temperature  profiles  in  a  C2H4  +  25%  CH4  flame.  While  the 
temperature  profiles,  at  heights  7-20  mm,  in  both  the  flames  are  quite  similar,  appreciable 
soot  reductions  could  be  observed  upon  methanol  addition.  This  could  not  be  due  to  the 
extra  soot  formed  upon  CH4  addition,  because  the  amount  of  soot  formed  in  CH4  is  only 
about  one-twentieth  of  that  formed  in  C2H4  [23].  Also,  the  temperatures  in  the  methanol 
added  flame  are  higher  by  »  10-20  K.  Such  observations  eliminate  the  possibility  of  soot 
reduction  due  to  temperature  changes  and  suggest  alternate  mechanisms  to  be  active. 

Similar  evaluations  by  comparing  the  temperature  profiles  in  C2H4  +  25%  CS2  and 
C2H4  +  25%  CO2  flames  were  inconclusive.  However,  the  adiabatic  temperatures  of  C2H4 
and  C2H4  +  25%  CS2  flames  agree  to  within  24  K,  whereupon  one  cannot  account  for  the 
large  soot  reductions  merely  based  on  temperature  effects.  The  use  of  adiabatic  flame 
temperature  as  the  characteristic  flame  temperature  is  well  accepted,  and  is  discussed  at 
length  by  Gomez  and  Glassman  [24],  and  Axelbaum  and  Law  [25]. 

3.3.3  Dilution : 

One  possible  way  to  evaluate  dilution  is  to  obtain  measurements  of  fv  while 
varying  the  amount  of  the  additive;  a  linear  decreasing  trend  in  Ifv,max  with  increasing 
mole  fraction  of  the  additive  would  be  suggestive  of  a  dilution  effect  [6].  Instead  of 
performing  such  a  procedure,  we  compared  the  ethene  concentration  profiles  in  these 
flames.  Minimal  variations  in  C2H4  concentrations  upon  CH3OH  and  CS2  addition  (cf. 
Fig.  6)  attribute  minimal  possibility  of  soot  reduction  due  to  dilution.  Recently,  Santoro 
and  coworkers  [26]  have  made  similar  observations.  They  attributed  the  reduced  dilution 
effects  to  diffusional  transport  of  N2  from  the  surrounding  air,  which  tends  to  establish 
almost  similar  fuel  concentrations  at  short  distances  downstream  of  the  fuel  tube. 


•  CjH^  •  CjH^  +  25%  CH3OH  A  C2H3+  25%  CS^ 


^  (mm)  (mm) 


Figure  6.  Ethene  concentration  profiles  in  ethene,  ethene+25%  methanol  and 
ethene+25%  CS2  flames.  The  radial  position  |  is  normalized  as  in  eqn.  2. 

Also,  the  methanol  pyrolysis  and  oxidation  mechanism  [27],  suggests  that  almost 
80%  of  it  follows  a  non-sooting  pathway,  resulting  in  the  formation  of  CO  and  finally 
CO2.  If  this  is  the  case,  one  should  observe  similar  soot  reductions  upon  addition  of 
HCHO  to  C2H4;  HCHO  is  an  intermediate  in  the  conversion  of  CH3OH  to  CO.  Contrary 


13 


to  these  expectations,  HCHO  addition  was  found  to  promote  soot.  This  further  ascribes 
negligible  dilution  effects  towards  the  formation  upon  methanol  addition. 

3.3.4  Differential  Diffusion : 

Another  physical  process  that  needs  consideration  is  differential  diffusion.  As  both 
CH3OH  and  CS2  have  diffusivities  similar  to  that  of  C2H4,  this  effect  is  expected  to  be 
relatively  small  (cf.  Table  4). 

3.3.5  Thermal  Diffusivitv  tResidence  Time)  Effects  : 

Values  of  thermal  diffusivities,  a,  of  various  species  at  1  atm  and  1000  K  are  given 
in  Table  4.  Lower  values  of  a  would  result  in  temperature  profiles  with  steeper  gradients. 
As  soot  inception  is  expected  to  have  a  threshold  of  1350  K,  inception  and  subsequent 
growth  should  be  confined  to  a  narrow  annular  region  adjoining  the  flame  front,  thereby 
reducing  the  time  available  for  surface  growth  [28].  Such  an  effect  should  be  more 
pronounced  upon  CS2  addition  as  it  has  a  very  low  value  of  a.  Contrary  to  this  argument, 
the  measured  temperature  profiles  in  C2H4  +  25%  CS2  do  not  show  any  appreciable 
gradients,  thereby  suggesting  other  mechanisms  to  be  relatively  dominant. 


Table  4  :  Binary  diffusion  coefficients  in  N2,  A/n2,  and  thermal  diffusivities,  a,  at  1  atm 
and  1000  K 


Species 

a  (cmVs) 

Di/N2  (cm^/s) 

C2H4 

1.110 

1.3522 

CH3OH 

1.066 

1.3590 

CH4 

1.937 

1.7960 

CS2 

0.464 

0.9436 

CO2 

1.043 

1.3133 

H2 

11.64 

6.0236 

Figure  7.  OH  fluorescence  profiles  in  C2H4,  C2H4  +  25%  CH3OH,  and  C2H4  +  25% 
CS2  flames. 
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3.3.6  Chemical  Effects : 

As  identified  above,  the  strong  soot  suppressions  accompanying  the  addition  of 
CH3OH  and  CS2  appear  largely  to  be  a  chemical  effect.  Further  efforts  were  focused  to 
identify  potential  chemical  mechanisms  leading  to  such  soot  reductions.  The  observed 
trends  upon  the  addition  of  CH3OH  and  CS2  were  different,  and  are  discussed  below 
separately. 

CH^OH  addition : 

Upon  methanol  addition,  the  OH'  concentrations  remain  relatively  unaltered  at  lower 
heights  (c/.  Fig.  7)  in  a  region  where  PAH  formation  and  soot  inception  are  prominent.  At 
higher  locations  methanol  pyrolysis  results  in  higher  OH'  concentrations.  However,  the 
chemical  mechanism  leading  to  enhanced  OH'  production  from  methanol  is  not  very 
clear.  As  discussed  by  Westbrook  and  Dryer  [27],  the  pyrolysis  of  methanol  into  CH3  and 
OH  radicals  is  less  likely.  In  fact  one  makes  an  interesting  observation  by  measuring  OD' 
fluorescence  upon  CD3OD  and  CH3OD  addition;  the  OD'  concentrations  in  the  former 
were  exactly  four  times  those  in  the  latter.  This  suggests  that  all  of  the  H  atoms  in 
CH3OH  have  an  equal  probability  of  conversion  to  OH.  However,  due  to  the  lack  of 
supportive  evidence  it  could  not  be  confirmed  whether  such  a  conversion  is  limited  to 
CH3OH  alone  amongst  all  the  alcohols. 


- ethene  . ethene+25%  methanol 


^  (mm)  <5  (mm) 

Figure  8.  Fluorescence  measurements  of  small  PAH  species  in  C2H4,  and  C2H4  +  25% 
CH3OH  flames. 

The  magnitude  of  the  observed  increases  in  OH'  concentrations  at  higher  flame 
locations  is  not  significant  enough  to  account  for  the  large  (60-80%)  reductions  in  soot 
formation.  Notwithstanding  the  above  noticed  increases  in  oxidation  by  OH ,  it  appears 
that  soot  formation  processes  prior  to  oxidation  are  significantly  altered. 

If  we  are  to  assume,  fluorescence  to  be  proportional  to  the  local  concentrations  of 
these  species,  one  observes  some  interesting  trends.  The  formation  of  both  small  and 
large  PAH  appear  to  be  greatly  diminished  (=40%)  upon  methanol  addition.  Frenklach 
and  Yuan  [29]  and  Alexious  and  Williams  [30],  observed  the  formation  and  growth  of 
PAH  species  to  be  strongly  governed  by  the  H  radical  concentrations,  and  they  further 
attribute  diminished  PAH  formation  to  lower  values  of  H  radical  superequilibrium. 
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(7) 

■ 

The  decrease  in /was  attributed  to  the  excessive  molecular  hydrogen  that  was  produced 
during  methanol  decomposition.  However,  in  the  present  study,  estimates  of  /  could  not 
be  obtained  due  to  experimental  difficulties  associated  in  measuring  both  [H  ]  and  [H2]. 
Such  measurements  are  critical  to  fully  understand  soot  suppression  in  these  flames. 

- ethene  . ethene+25%methanol - ethene+asXCSj 


^  (mm)  ^  (mm) 


Figure  9.  Fluorescence  measurements  of  large  PAH  species  in  C2H4,  C2H4  +  25% 
CH3OH,  and  C2H4  +  25%  CS2  flames;  note  that  the  PAH  concentrations  in 
C2H4  +  25%  CS2  flame  at  10  mm  height  are  negligibly  small. 


C 

.9 


Li- 

o 


o 


0  1  2  3  4  5  6  7 

^(mm) 


Figure  10.  Stable  species  profiles  in  C2H4  and  C2H4  +  25%  CH3OH  flames  at  an  axial 
height  of  10  mm. 
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A  comparison  of  some  of  the  stable  species  profiles,  in  both  ethene  and  ethene  + 
methanol  flames,  as  measured  by  gas-chromatography,  are  shown  in  Fig.  10.  As 
observed,  the  concentration  of  C2H2,  which  is  identified  to  be  the  most  important  growth 
species,  remains  fairly  unaltered  upon  methanol  addition.  If  we  are  to  assume  the 
measured  C4H6  to  be  representative  of  n-C4H5  radical,  a  key  component  in  the  first  ring 
formation,  the  observed  reduction  in  CeHe  can  be  attributed  to  the  reduced  formation  of 
the  n-C4H5  radical.  The  lower  C6H6  concentrations,  in  turn,  could  curtail  the  subsequent 
growth  to  larger  aromatic  molecules.  As  presented  later,  methanol  also  reduces  soot 
formation  in  a  base  CeHe  flame.  This  suggests  additional/alternative  mechanisms  to  be  in 
effect.  Curtailment  of  H  superequilibrium  as  suggested  earlier  is  likely. 


C5?  addition : 

OH  fluorescence  profiles  upon  CS2  addition  exhibit  a  different  trend.  At  lower 
heights,  the  OH‘  concentrations  are  suppressed,  while  those  at  higher  locations  are 
increased  with  respect  to  the  pure  ethene  flame  {cf.  Fig.  7).  The  decrease  at  lower  heights 
may  be  explained  by  the  production  of  the  intermediate  HSO2,  which  catalyzes  the  H  and 
OH  radical  recombination  [31],  according  to 

H  +  SO2  +  M  HSO2  +  M  (8) 

H  +  HSO2  H2  -I-  SO2 
OH  +  HSO2  4-»  H2O  +  SO2. 

The  fluorescence  profiles  of  the  small  PAH  species,  upon  CS2  addition,  could  not 
be  determined,  mainly  due  to  interferences  from  SO  and  SO2  fluorescence.  The 
fluorescence  profiles  of  large  PAH  (cf.  Fig.  9)  show  reductions  greater  than  80%.  This 
may  be  explained,  mainly  based  on  the  above  radical  recombination  kinetics.  A  decrease 
in  H'  concentration  could  significantly  curtail  PAH  formation  [29]. 

Furthermore,  sulfur  appears  to  form  strong  C-S  bonds  on  soot  surfaces,  which  have 
been  reported  to  be  stable  for  temperatures  up  to  1200  K  [32].  This  process  may  decrease 
the  number  of  chemically  active  sites  on  the  soot  surface  which  explains  both,  the 
observed  higher  OH  concentrations  at  higher  locations,  as  well  as,  the  observed  decrease 
in  surface  growth  rate  as  apparent  from  the  measured  profiles  of /v,  N,  and  D63. 

The  stable  species  profiles  upon  CS2  addition  appear  to  be  different  from  those 
active  for  methanol  addition.  Most  importantly,  the  concentrations  of  C4H6,  whose 
concentration  we  associate  with  that  of  n-C4H5  radical,  are  reduced  substantially  (c/.  Fig. 
1 1).  However,  minimal  reductions,  merely  5%,  are  observed  in  C6H6  concentration.  On 
the  other  hand,  the  peak  in  C2H2  concentration  at  10mm  occurs  at  larger  radial  positions. 
However,  by  20  mm  axial  height,  the  [C2H2]  profile  shows  little  variation  with  that  in  the 
ethene  flame.  A  similar  trend  is  observed  in  C3H8  concentrations.  As  C4HX  and  CsHx 
radicals  are  believed  to  have  very  little  contribution  to  surface  growth,  all  of  the  above 
observations  along  with  the  large  reductions  in  [PAH]  suggest  that  C4H6,  and  hence  n- 
C4H5,  are  related  to  PAH  growth  in  these  flames. 

An  alternative  mechanism  is  the  production  of  S  radical  upon  CS2  pyrolysis,  which 
similar  to  the  O  radical,  could  oxidize  the  PAH  species.  Though,  it  is  not  very  conclusive 
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as  to  which  amongst  the  above  mechanisms  is  the  dominant  one,  it  is  certain  that  CS2 
interference  to  soot  formation  is  largely  chemical  in  nature. 
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Figure  11.  Stable  species  profiles  in  C2H4  and  C2H4  +  25%  CS2  flames  at  an  axial  height 
of  10  nun. 

3.4  Studies  on  Flames  of  High  Ener£v  Density  Fuels 

To  check  the  effectiveness  of  CS2  and  CH3OH  in  reducing  soot  in  heavily  sooting 
fuels,  experiments  were  conducted  with  benzene  (CeHe)  and  with  a  high  energy  density 
fuel,  quadricyclane  (CyHg).  As  both  of  these  fuels  are  heavily  sooting,  a  fuel  mixture 
approach  was  adopted  with  methane  as  the  base  flame  (flow  conditions  are  shown  in 
Table  5). 

From  comparisons  as  shown  in  Fig.  12,  it  can  be  observed  that  quadricyclane  has  a 
higher  propensity  to  soot  than  benzene.  Quadricyclane,  being  a  highly  strained  molecule, 
is  thermally  unstable.  Fuel  pyrolysis  of  such  a  molecule  is  expected  to  result  in  early 
radical  formation,  which  leads  to  an  early  initiation  of  the  soot  formation  process.  As 
benzene  is  relatively  stable,  it  can  be  surmised  that  it  initially  follows  a  different  chemical 
route  to  soot  formation.  However,  in  both  the  benzene  and  quadricyclane  cases, 
appreciable  soot  reductions  were  observed  with  the  addition  of  CH3OH  and  CS2. 

Upon  methanol  addition,  (cf.  Fig.  13)  it  is  observed  that  soot  volume  fraction, /v,  is 
reduced  significantly  for  heights  at  or  below  20  mm.  However,  higher  in  the  flame  soot 
reductions  are  comparably  lower.  The  soot  growth  processes  are  found  to  overcome  the 
soot  suppression  effects  of  methanol. 
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Table  5.  Flow  rates  for  high  energy  density  fuel  mixture  flames 


Name 

Flow  rates 

CeHs 

(CH4  7.7  cmVs  +  C7H8  vap  0.1826  cmVs)-(CH4  7.7  cmVs) 

C7H8 

(CH4  7.7  cmVs  +  C7H8  vap  0.1626  cmVs)-(CH4  7.7  cm^/s) 

CO2/C7H8 

(CH4  7.7  cm^/s  -hC02  1.096  cmVs  -t-  C7H8  vap  0.1626  cmVs) 
-(CH4  7.7  cm^/s  -1-CO2  1.096  cmVs) 

CS2/C7H8 

(CH4  7.7  cm^/s  +CS2  1.096  cm^/s  -f-  C7H8  vap  0. 1626  cmVs) 
-(CH4  7.7  cm^/s  -I-CS2  1.096  cmVs) 

CH3OH/ 

C7H8 

(CH4  7.7  cmVs  -1-CH3OH  vap  1.096  cmVs  -i-  C7H8  vap  0.1626 
cm^/s) 

-(CH4  7.7  cm^/s  -1-CH3OH  vap  1.096  cmVs) 

Air  flow  rate  for  all  the  flames  is  1060  cm  /s;  vap  -  indicates  vapor  flow  rate. 


Similar  comparisons  {cf.  Fig.  14),  indicate  CS2  to  be  very  effective  in  reducing  the 
sooting  nature  of  these  fuels;  for  25%  CS2,  soot  reductions  as  large  as  60%  were 
observed.  Similar  to  the  observations  made  in  C2H4  flames,  very  little  soot  forms  at  lower 
heights.  As  established  in  the  case  of  ethene  flames,  influences  upon  CO2  addition  remain 
inconclusive.  However,  small  soot  reductions  could  be  observed.  Also,  estimates  of 
adiabatic  flame  temperatures  (2200°C  for  CS2/C7H8/CH4,  and  2217°C  for  CO2/C7H8/CH4 
flames)  show  that  the  observed  soot  reductions  cannot  be  due  to  a  reduction  in 
temperature.  Overall,  CS2  seems  to  curtail  soot  formation  better  than  methanol  in  the  case 
of  CsHe  and  C7H8. 


C,n  0.1626  cc/sec+CH,  7.7  ccTsec - 0.1826  cc/sec+CH,  7.7  cc/sec 


-6  -4  -2  0  2  4  6  -6  -4  -2  0  2  4  6 

Radial  Position  (mm)  Radial  Position  (mm) 


Figure  12.  Soot  profiles  in  CeHe  /  CH4  and  C7H8  /  CH4  mixture  flames. 
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- C,H,  - CH,OH/C,H, 


Radial  Position  (mm)  Radial  Position  (mm) 


Figure  13.  Soot  volume  fraction  profiles  with  methanol  addition  to  the  quadricyclane 
/methane  mixture  flames  for  measurement  heights,  h,  of  20  mm  and  60  mm. 

Our  understanding  about  the  processes  associated  with  soot  formation  in  quadricyclane 
are  currently  limited  by  the  lack  of  knowledge  of  quadricyclane  flame  chemistry.  Figure 
15  compares  the  GC-FID  traces  for  quadricyclane  and  ethene  flames.  Species  specific  to 
many  of  the  peaks  appearing  in  the  case  of  quadricyclane  could  not  be  identified.  In 
general,  quadricyclane  pyrolysis  appears  to  result  in  the  formation  of  large  species 
(greater  than  CsHx),  and  is  appreciably  different  from  that  of  C2H4. 


-  C,H,  - CO/C,H,  - CS,/C,H, 


Figure  14.  Soot  volume  fraction  profiles  with  CS2  addition  to  quadricyclane  /  methane 
mixture  flames  for  measurement  heights,  h,  of  20  mm  and  60  mm. 

3.5  Free  Falling  droplet  Flame  Studies 

With  an  objective  to  evaluate  the  soot  control  strategies  in  spray  environment, 
studies  were  conducted  in  free-falling  droplet  flames,  as  these  flames  easily  lend 
themselves  to  experimental  investigation.  Additionally,  since  benzene  is  easily  available 
and  less  expensive,  it  was  used  as  a  surrogate  high  energy  density  fuel.  Subsequent 
studies  performed  on  benzene  /  methanol  blends  are  discussed  in  detail  in  Attachment  B. 
Reductions  in  soot  indices  (grams  of  soot  /  drop)  up  to  90%  were  observed  with  75% 
addition  of  methanol  by  liquid  volume.  In  earlier  stages,  rapid  preferential  vaporization  of 
less  sooty  methanol,  and  in  later  stages  oxidant  entrainment  due  to  increased  convection 
are  believed  to  result  in  such  reductions.  Further  details  are  presented  in  Attachment  B. 


*  TinETfiSLE  STOP 

methane+Quadricyclane 

Figure  15.  Comparison  of  FED  output  traces  for  quadricyclane  and  ethene  flames 
obtained  at  7  mm  axial  height  along  the  centreline;  the  flow  rates  are  (CH4 
7.7  cmVs  +  C7H8  vap  0.1626  cmVs),  and  3.85  cm^/s  C2H4 


(b) 

Figure.  16.  Photographs  of  the  luminosity  of  a  spray  flame  produced  by  impinging  jet 
atomizer.  Chamber  pressure  is  about  125  psia.  (a)  ethanol  burning  in  oxygen, 
and  (b)  quadricyclane  burning  in  oxygen. 
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C^2  Addition 


1)  It  is  expected  that  most  of  the  sulfur  atoms  in  CS2  are  converted  to  SO2. 
Subsequently,  SO2  forms  the  intermediate  HSO2  which  catalyzes  H,  OH,  and  O 
radical  recombination  reactions  [31],  thereby  reducing  their  concentrations  close  to 
their  equilibrium  values.  As  PAH  formation  and  growth  are  sensitive  to  H  radical 
concentrations  [29],  such  effects  are  expected  to  profoundly  affect  net  soot  formation. 

2)  CS2  upon  pyrolysis  results  in  the  formation  of  sulfur  radical,  which  similar  to  the  O 
radical,  could  result  in  enhanced  oxidation  of  PAH  and  acetylenic  species. 

3)  As  established  by  researchers  in  coal  chemistry  [32],  stable  C-$  bonds  could  exist  for 
temperatures  up  to  927°C.  Such  bonds,  can  lead  to  a  decrease  in  the  number  of  surface 
active  sites,  thereby  leading  to  a  curtailment  of  surface  growth.  However,  further 
experimental  evidence  is  sought  to  confirm  the  existence  of  such  bonds  at  combustion 
temperatures. 

The  relative  contributions  of  each  of  the  above  chemical  mechanisms  to  the  net  soot 
reduction  could  not  be  evaluated  through  the  present  set  of  experiments.  Future  efforts 
should  concentrate  in  such  evaluations. 

Similar  studies,  demonstrated  carbon  disulfide  and  methanol  to  be  effective  in 
controlling  soot  in  both  benzene  (CeHe)  and  a  high  energy  density  fuel,  quadricyclane 
(C7H8).  Additional  studies  conducted  on  free  falling  droplet  flames  demonstrate  the 
potential  of  methanol  in  curtailing  soot  formation  in  spray  flames. 
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Tiu*  ctlcct.s  ot  iiK'tUauf.  inctlumol.  i  thanol.  I  pro[iauol.  -  propanol,  carhoti  (hosuK*.  aiul  carhoii  clisnlfidt* 
addition  on  soot  tonnation  in  ctiiuru*  lannnar  diifiision  Haines  u(T(‘  (‘xannned.  In  tins  stud\.  ont‘-diinen- 
sional  ^ID.  laser-induced  incandescence  'LID  aiul  flnori'sceiice  nuMsnriMiunits  wort'  usetl  to  determine 
soot  voinnie  traction  and  relative  soot  pn'cursor  concentration,  rcspectiv fl\ .  in  the*  rtheiie  and  ethene 
additis'c'  Haines.  to  o'diictions  in  soot  volnine  traction  were  tomui  with  the  addition  ot  25^ 

metlianoi  to  an  ethem*  ditiusion  tlame.  Mon'  sp^niiicant  soot  n'diictions  wen*  oiiserved  wuli  the  addition 
ol  carlion  disulfide.  It  has  been  siiowai  that  a  more  than  n'dnction  in  soot  volume  Iraction  was  4ichieved 
1)V  addmu  (IS..  l-Apernnental  n'snlts  stron^K  su«^!4est  sup[n'ession  ot  sotJt  tormation  hv  methanol  and 

carlion  disnllide  to  he  mainlv  a  chemical  etiect. 


introduction 

The  ramifications  ol  soot  lormation  on  the  tuixi- 
roninent,  piililic  health,  and  hardwari*  p(‘rtorinance 
in  practical  conihustion  s\  steins  lia\e  loin^  hi'en  kUmi- 
tified.  The  cnrrtmt  need  tor  untlerstandiini  and  con¬ 
trol  ol  soot  tonnation  stems  Irom  tlu‘  future  incr(*ase 
in  the  aromatic  content  ol  commercial  liuHs.  as  well 
as  the  prospect  of  stricter  environnu*ntal  standards. 
One  of  the  practical  approaches  to  soot  rcTluction  is 
to  l)lend  additives  into  th(‘  fuel,  so  as  to  alter  the  soot 
nucleation  and  ^rrmlh  proeessics  or  to  (Mihance  soot 
oxidation. 

Althouuli  the  ellects  ol  various  additiv(*s  on  soot 
lormation  have  In^en  observt^d  hv  numerous  re¬ 
searchers.  relativelv  little  is  known  about  the  mech¬ 
anisms  involved  in  soot  suppression.  Phenomenolog¬ 
ical  tl leones  have  been  suggested  to  explain  the 
influence  of  additives  on  the  formation  of  soot  par¬ 
ticles.  For  example,  modest  reductions  in  soot  load¬ 
ing  in  diffusion  flames  hv  addition  of  inert  species, 
sucli  as  Ar  and  have  largeU’  been  attributed  to 
lower  flame  temperatures  and  decreased  fuel  con¬ 
centrations  (dilution)  [  l-o].  Such  effects  are  believed 
to  significantly  decrease  the  reaction  rates  of  pro¬ 
cesses  leading  to  soot  formation.  However,  large  re¬ 
ductions  in  soot  formation  b\'  additives  have  been 
explained  bv  chemical  mechanisms.  Soot  suppression 
by  alcohol  addition  has  been  obser\  ed  both  in  shock 
tubes  [4,5]  and  in  flames  [6|.  Frenklach  and  Yuan 
[4],  in  studies  of  the  effects  of  methanol  and  ethanol 
addition  to  benzene  on  soot  formation,  have  attrib¬ 
uted  the  suppression  effect  to  enhanced  oxidation  of 
soot  and  soot  precursors  b\’  OH  generated  from  al¬ 


cohol  p\Tol\'sis  and  ri'uunal  of  hvdrogcn  atoms.  The 
most  elh'Ctivi*  gaseous  soot  su[)pn*ssiou  additives  ap- 
[lear  to  lx*  sulfur  compouiuls.  such  as  H._>S  [  <  ].  SFr, 
is],  and  SO2  [T.9|.  U  lias  been  suggested  tliat  SOo 
[promotes  the  oxidation  ol  soot  preeur.sors  and  soot 
[^articles,  probabh'  due  to  increased  OH  concentra¬ 
tion  i  l()|.  (hilder  ill],  howewr,  reports  that  for  mole 
fractious  Ic'ss  than  W'r.  SO.,  has  no  direct  chemical 
iuHueuce  on  soot  tormation.  and  tlu*  soot  reduction 
obserxed  is  pureK*  due  to  lower  flame  temperature* 
and  lu(*l  eoucentration.  Raudolpb  and  Law  [I2|, 
based  on  studies  invoKing  tlu*  addition  of  propanol 
and  lu‘.\arK)l  to  hvdrocarbon  (lropl(*t  studies,  (juestion 
the  role  of  the  livdro.x\'l  group  of  alcohol  in  soot  sup- 
jiression.  Tlie\’  have*  reported  that  the  addition  ot  al¬ 
cohol  reduces  soot  hv  tlie  same  amount  os  other  soot- 
controlling  additiv(*s,  indicating  the  dilution  of  tlie 
fuel  concentration  to  he  the  dominant  factor  in  soot 
reduction  with  no  ohseiN'able  chemical  effect  [I2]. 

The  present  studv  was  undertaken  to  examine  the 
importance  of  chemical  effects  when  soot-suppres¬ 
sant  additives,  such  as  methanol  and  carbon  disulfide, 
are  introduced  into  ethene  diffusion  flames.  A  series 
of  controlled  experiments  w  ere  performed  to  isolate 
sucli  effects. 

Experimental  Approach 

In  these  experiments,  a  laminar  diffusion  flame 
w'as  established  using  a  coannular  burner,  w'hich  con¬ 
sists  of  a  1.1-cm-diameter  fuel  tube  surrounded  by  a 
L0.2-cm-diameter  air  tube  [13].  A  40.5 -cm-long  brass 
cylinder  w^as  used  as  a  chimney  to  sliield  the  flame 
from  laboratorv^  air  currents.  Tw^o  holes  diametrically 
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TABLE  I 


Flow  c 

ontlitioiis  and  t 

alcuiatvd  adial)atic‘  temperatures'* 

of  etliene-additive' 

mixture  dilfiision  Haines 

Fuel 

Additive' 

of 

C%  of 

T,., 

FLiinv  Xo. 

'  can 

’/s  ? 

:  cm  v's 

additive* 

additive 

K 

1 

(:,H, 

YSo) 

2370 

0 

CM, 

3.30) 

c:H,  a. 10) 

25.0 

14.2 

2345 

3 

CM,, 

3.30) 

CH,OH  (LIO) 

25.0 

14.2 

2347 

4 

CM,: 

:L0.S) 

CH,  (1.54) 

33.3 

20.0 

2336 

.5 

C.II,  , 

3.08) 

CILOll  (I.oL 

:33.3 

20.0 

233S 

fi 

(FH,i 

3.08) 

lO  77' 

20,0 

20.0 

2343 

- 

C.il, 

3.30' 

l-CJi-Oll  ,037; 

iO.l 

14.2 

2353 

S 

(Ml,  ; 

3.30) 

2-CdI-OH  (0.37) 

10. 1 

14.2 

2352 

9 

(MI,( 

3.06) 

CS,,  (0.38) 

9.5 

5.0 

2361 

10 

(MI, 

3.30) 

CS.,  (i.LO) 

25.0 

14.2 

2346 

11 

(;,n,. 

3.30) 

CO,  (l.IO) 

25.0 

14.2 

232S 

•(  .\ilciiiatfci 

usinu  .\  A.S.\  C; 

[a.-mical  Etimiil 

)num  ( iiide. 

’  \  apor  liow  ratt*. 


opposite  and  O.S  fin  in  dianif ter  were  used  (dr  pass- 

the  laser  beam  tiironirh  tlie  tlame.  Another  d  a 
5  cm  slot  cov(Ted  witli  a  (juartz  plate  provided  optical 
access  lor  tlie  emitted  liiclit.  The  air  and  gaseous  luel 
Hows  to  tlic  burner  w(*re  metered  with  calibrated  ro- 
tametcTS.  Li(pnd  .idditives,  vvliich  w(‘re  supplied  bv 
a  precision  svrin^e  [mmp.  were  vaporized  and  mixed 
with  the  hiel  in  a  vaporr/a^r.  The  temperature  ol  the 
vaponzerwas  mamtaimal  to  within  5 ''C  ol  tlu‘  boilinc; 
point  of  the  lujuid  additives.  To  prev'ent  anv  conden¬ 
sation  ol  the  litpiid  additives,  the  luel  line  and  fuel 
tube  were  heated  with  a  heatini^  wire.  Bv  vaniiu:;  the 
electnc  voltage  a[)pli(.‘d  to  the  heatinu;  wire,  tlie  tem¬ 
perature  of  the  fuel  (low  at  the  lip  of  the  burner  wiis 
maintained  at  60  Xl  for  all  fuel  mixtures  regardless 
of  whether  a  lifjuid  additive  was  introduced.  This  ap¬ 
proach  ensures  that  all  the  Haines  were  established 
at  the  same  ambient  condition. 

Flames  burmm.^  ethene  iCP  cjrade.  99,5%)  mixed 
with  methane  (CP  i^rade,  99%),  methanol  (IIPLC 
^j;rade,  99.5%),  ethanol  (CP  grade.  99%),  1-propanol 
(HPLC  grade,  99.57r),  2-propanol  (HPLC  grade, 
99.5%),  carbon  dioxide  (bone  drv’  grade,  99.8%).  and 
carbon  disulfide  '.IIPLC  grade,  99.5%)  were  studied. 
When  an  additive  wns  introduced  into  the  fuel  line, 
the  ethene  How  rate  wiis  reduced  in  appropriate  pro¬ 
portion  in  order  to  keep  the  total  carbon  flow'  rate 
constant.  This  ensures  similar  flame  sizes  and  shapes. 
The  air  How  rate  w  as  maintained  at  1060  cm  Vs  for 
all  flames.  Table  I  summarizes  the  flow  conditions 
and  calculated  adiabatic  flame  temperatures  for  the 
flames  studied. 

Laser-induced  incandescence  (LID  was  applied  to 
obtain  spatial  distribution  of  soot  volume  fraction  (/,.) 
in  the  flames.  The  one-dimensional  (ID)  LII  tech¬ 
nique  employed  here  is  a  modification  of  the  tech- 
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ElC.  1.  Schematic  diaeram  of  ID  laser-induced  incan¬ 
descence  e.xpen mental  setup. 


nique  followed  bv  Quay  et  al.  [14],  where  these  au¬ 
thors  liave  made  point  measurements  while  using  a 
calibration  scheme  to  measure  local  soot  volume 
fraction  quantitatively. 

The  optical  setup  for  these  measurements  is  given 
in  Fig.  1.  A  Nd:YAG  pulsed  laser  (Surelite,  Contin¬ 
uum)  operating  at  10  Hz  wiis  used  as  an  intense  light 
source.  A  1-mm-diameter  pinhole  was  placed  in  front 
of  the  burner,  which  allowed  only  the  center  portion 
of  the  6-mm-diameter  laser  beam  to  heat  the  soot 
particles.  Diffraction  effects  were  minimized  by  plac¬ 
ing  the  pinhole  as  close  as  possible  to  the  flame.  In 
such  a  practice,  the  center  portion  of  the  near  Gaus¬ 
sian  beam  is  virtuallv  uniform  and  intense  enough  to 
heat  the  soot  particles  to  their  vaporization  temper¬ 
ature  without  additional  focusing.  Since  the  beam  is 
unfocussed,  the  beam  size  across  the  flame  is  virtually 
constant,  thus,  eliminating  the  error  associated  with 
the  change  in  the  probe  volume  across  the  beam  in 
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a  ID  measurement.  Both  the  1064  nm  and  Fre- 
quencv-doiibled  532- nm  beams  were  used  in  this  ex¬ 
periment.  Comparison  oF  1064  and  532  nm  excitation 
sliowed  no  siu;nificant  diFFerence  on  ID  LII  profiles 
obtained  For  the  ethene  flames,  although  the  u.se  oF 
1064-nm  beam  showerl  certain  advantages  in  pene¬ 
trating  lieavily  sootine;  flames.  Tlie  laser  beam  liehind 
the  pinhole  was  monitored  and  maintained  at  1.5  mj/ 
pulse,  which  corresponds  to  an  a\  erai^e  li2:ht  fluence 
of  2.5  X  10'  W/crn*^  For  8- ns  Full  width  at  halF-rnax- 
iinurn  (F\VHM;  laser  pulse.  The  induced  incandes¬ 
cence  at  a  90°  an^le  wits  imat^ed  with  a  105-inrn  W 
camera  lens  lXikon.y74.5)  onto  an  intensified  charge 
coupled  device  i.CCD)  camera  'Princeton  Instni- 
ments.  Model  ICCD-576S/RB).  The  camera  wits 
gated-on  iinmediatcK'  aFter  tlu'  laser  pulse  For  IS  ns. 
A  narrow  band  inter!  ere  nee  filter transmittance  cen¬ 
tered  at  460  niui  was  placed  in  front  of  the  camera 
to  pre\-ent  light  scattenng  From  soot  particles  bv  the 
laser  bcnirn  From  reaching  tlie  detector  and  to  reject 
most  background  luminositv'  and  laser-induced  flu¬ 
orescence,  Laser-induced  incandescence  images 
w'ere  acejuired  by  averaging  o\(*r  40  laser  pulses.  A 
calibration  Factor  w'as  used  to  obtain  absolute  locid 
soot  volume  fraction,  .Measnnmients  made  using  a 
light  extinction/'.scattcnng  techniciue  on  a  w'ell-estab- 
lished  ethene  laminar  diffusiou  flame  provided  the 
calibration  Factor  [13|.  The  uncertainties  in  the  soot 
volume  Fractions  derived  From  tlie  ID  LII  mf*asure- 
inents  were  le.ss  than  5rf . 

The  effect  of  the  additives  on  soot  precursor  For¬ 
mation  was  asse.ss(*d  using  laser-induced  fluores¬ 
cence  meiisurements  attributed  to  polvcvclic  aro¬ 
matic  hydrocarbon  tPAII)  species  Formed  in  the 
flames.  The  association  of  similar  broadband  laser- 
induced  fluorescence,  observ(‘d  in  both  premixed 
and  diffusion  flames,  with  PAII  species  has  been  re¬ 
ported  in  the  past  [15^191,  Some  controversy  re¬ 
mains  regarding  the  correspondence  between  this 
broadband  Huore.scence  and  PAH  species  since  the 
direct  association  of  the  observed  fluorescence  with 
specific  PAH  species  has  not  been  unambiguously 
established.  Thus,  there  is  the  possibility  that  other 
large  hydrocarbon  species  such  as  polyenes  and  po- 
lyynes  can  contribute  to  the  observ’ed  fluorescence. 
Nonetheless,  we  argue  that  variations  in  the  concen¬ 
trations  of  these  species  would  also  reflect  the  overall 
hydrocarbon  kinetics  that  characterize  the  soot  pre¬ 
cursor  evolution.  Furthermore,  it  should  be  noted 
that  the  PAH  species  responsible  for  the  fluores¬ 
cence  signals  may  not  be  soot  precursors  themselves, 
but  rather  they  could  be  byproducts  Formed  along 
die  reaction  route  to  soot  particles.  Again,  in  this 
work  their  concentration  is  argued  to  follow  propor¬ 
tionally  the  soot  precursor  formation  process.  With 
these  assumptions  stated,  the  observ'ed  fluorescence 
variations  are  used  in  the  present  study  to  infer  ef¬ 
fects  on  soot  precursors  in  the  flames  caused  bv  the 
introduction  of  additiv’es. 


The  optical  setup  for  ID  P.\H  fluorescence  iin- 
ciging  is  \’cn'  similar  to  that  u.sed  For  LII  measure¬ 
ments.  t'xcept  that  the  txxcitation  oiiergv'  is  mucli 
lower  i<5()  /ij/ pulse).  Since  the  spectra  of  both  LII 
^I4|  and  P.\H  [ISj  Huore.scence  are  broadband  in 
nature,  it  is  difficult  to  isolate  the  fluorescence  signal 
From  LII  emission.  In  this  experiment,  the  e.xcitation 
hiser  eru^rgv  was  kept  below  the  LII  threshold  so  that 
onlv  the  ftnorc'scciice.  which  is  linear  with  la.ser  flii- 
ence,  was  observed.  The  excitation  sources  are  a 
\d:VA(»  laser  operated  at  532  mn  For  the  detection 
of  large  P.\H  and  a  Nd:VAG  pumped  dye  la.ser  with 
frequency  doubling  to  290  nm  for  the  detection  of 
xrnall  PAIL  The  la.ser.  when  operat(*(l  at  the  532-nm 
wavelength,  excites  onlv  PAH  molecules  that  contain 
roughlv  more  than  5  aromatic  rings  [201,  w’hose  emis¬ 
sion  at  650  r  10  nm  was  meiLsured.  The  UV  beam 
of  290  nm  (xxcites  botli  large  and  small  PAH  mole- 
rules,  B\  [ilacing  a  combination  {)F  a  305-mn  cutoff 
filter  i\\'C::>05)  and  a  U\’-pass  filter  ■UCll)  in  the 
front  of  th(‘  camera,  finlv  the  emission  ranging  From 
.)()5  to  3S0  nm,  wiiich  corresponds  to  small  P.\H  mol¬ 
ecules  ( approxiuiatelv  less  tlum  5  rings),  was  cap¬ 
tured.  Tlit‘  c  amera  was  gated-on  For  5  ns  during  the 
huser  [)uls(‘.  Fluore.sceiice  from  200  laser  pulses  were 
accumulated  to  generate  a  ID  fiuore.scence  intensitv' 
profile. 

The  fhioreseence  lifetime  lor  the  P.\H  species  vv;is 
measured  in  the  flame  and  obsc*rv(‘d  to  be  approxi¬ 
mately  30  ns  in  duration.  Tlie  lhior(*scence  lifetime 
For  these  spc?cies  in  the  absence  of  collisional  ([uench- 
ing  is  c*xpected  to  be  about  200  ns  |20|.  Thus,  colli¬ 
sional  (|uenching  reduces  the  fluorescence  lifetime 
bv  onlv  an  order  of  magnitude.  Then,  for  the  present 
conditions,  (pienching  reduces  the  Huore.scence  life¬ 
time  rather  than  reducing  the  number  of  e.xcited 
molecules.  Thus,  the  effects  of  collisional  quenching 
can  be  minimized  by  detecting  the  Huore.scence  dur¬ 
ing  the  laser  puLse  using  an  appropriately  short  gate 
width  as  was  the  procedure  in  the  present  experi¬ 
ments.  The  fluorescence  intensitv'.  therefore,  was  not 
corrected  for  collisional  quenching,  and  the  fluores¬ 
cence  is  argued  to  be  linearly  proportional  to  the 
PAH  concentration  at  appro.xi mutely  equivalent  lo¬ 
cations  in  the  flame.  From  the  measurements  of  the 
fluorescence  lifetime  for  these  species,  we  estimate 
that  a  change  in  the  collisional  quenching  of  a  factor 
of  2  would  only  change  the  measured  fluorescence 
by  ±  10%  or  less. 

The  temperature  distribution  measurements  were 
made  using  the  rapid  insertion  thermocouple  tech¬ 
nique  similar  to  that  described  by  Kent  and  Wagner 
[21].  In  this  technique,  the  soot  deposited  on  the 
thermocouple  surface  is  burned  off  in  the  oxidation 
zone  of  the  flame  prior  to  making  a  measurement  at 
a  new  location.  The  uncoated  Pt/Pt-10%  Rh  ther¬ 
mocouple  w'as  made  from  127-/zm-diameter  fine 
wires.  The  temperature  measurements  were  not  cor¬ 
rected  for  radiation  effects.  Nonetheless,  this  tech- 
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Fig.  1.  Soot  volume  fraction  profiles  in  tlie  pure  cthenc 
(lifTusion  flame  i  flame  1)  and  the  flames  mixed  vnth  14.2 
C%  metfiane  'flame  2),  20  C7c  methane  t flame  4).  14.2 
C%  methanol  (flame  A),  and  20  methanol  (flame  5): 
(a)  7-mm  lieight:  (b)  AO-min  hei^lit;  (c'  60-mm  height. 


nique  provides  accurate  ineasurement  of  relative 
temperature  changes. 


Results  and  Discussion 


Alcohol  Addition: 

Figure  2  shows  the  radial  soot  volume  fraction  pro¬ 
files  at  three  heights  in  the  flames.  The  addition  of 
25%  methanol  (14.2  C%,  flame  3)  reduces  the  soot 
concentration  by  60%,  at  least  for  all  axial  locations. 
Such  strong  reductions  in  soot  loading  suggest  that 
chemical  effects  may  be  involved  in  the  suppression 
of  soot  formation  by  methanol.  In  order  to  differ¬ 


entiate  the  chemical  effects  from  dilution  and  tem¬ 
perature  effects  resulting  from  methanol  addition,  an 
t‘thene/ methane  mixture  which  does  not  have  an 
OH  group,  (lame  2)  \v;ts  used  for  comparison.  Tlie 
cornpanson  of  the  effect  of  methanol  addition  with 
methane  addition  on  soot  volume  fraction  ,  as 
showT)  in  Fig.  2.  reveals  that  methanol  addition  re¬ 
duces  f]  substantialK .  as  compared  to  methane  ad¬ 
dition.  The  difference  l)(‘t\v(*eu  methanol  addition 
and  methane  addition  cannot  be  attributed  to  addi¬ 
tional  soot  forinc'd  from  nu^thane  because  the  soot 
concentration  in  a  pure  methane  diffusion  flame  [2] 
is  less  than  a  twentieth  of  that  in  the  ethene  flame. 
Previous  studies  of  laminar  diffusion  flames  indicate* 
that  lowering  flame  temp(*ratiire  can  signiflcantlv  re*- 
dnee  soot  formation  [  1-3 1.  However,  this  thermal  ef- 
ft‘Ct  was  ruled  out.  since  the  calculated  adiabatic  tem¬ 
perature  of  ethemvmethanol  (lames  closelv  matches 
(hat  ol  the  ethene/methaue  flames  (see  Table  I  •.  In 
fact,  the  (?thene/m<‘than()i  fiaim*  temperature  in  tlie 
soot  inception  zone,  as  measured  bv  a  thermocouple, 
is  10  '( I  higher  tliau  m  the  etliene/metliane  flame  due 
to  less  radiative  lu‘at  loss.  These  ohserv'ations  strongly 
suggest  that  a  chemical  interaction  is  the  dominant 
effect  in  .soot  sufipri’ssion  bv  methanol  addition. 

In  order  to  gam  further  insight  into  the  chemical 
[irocesses  leading  to  soot  reduction,  measurements 
of  P.\H  fluorescence  w(‘re  obtained  in  ethene,  eth- 
(‘ne/methariol,  .md  etiiene/ methane  flames.  Polycy¬ 
clic  aromatic  hvdrocarhon  species  are  often  vievvetl 
as  precursors  to  soot  partich's  i22|  and  are  a  po.ssihlt* 
source  of  nuuss  lor  soot  growth  [23|.  As  it  is  difficult 
to  (juantify  the  (jnenching  effect  and  thermal  effect 
on  fluorescence  intensitv*.  absolute  PAII  concentra¬ 
tion  measurements  were  not  obtained.  Hovvewer.  in 
diffiisicm  flames,  tlu*  eonc(*ntration  of  o.wgen.  w  hich 
strongly  r|uenches  the  fluorescence  of  most  organic 
compounds,  is  negligible  in  the  P.\H  formation  zone, 
and  the  temperature  profiles  of  the  ethene/metiianol 
and  ethene/methaue  flames  are  verv'  close  to  each 
other.  Thus,  P.MI  fluorescence  measurements  can 
provide  information  about  the  relative  change  of 
PAH  concentration.  Figure  3  shows  radial  profiles  of 
PAH  fluorescence  intensitv'  taken  at  a  height  of  10 
mm  above  the  fuel  tube  e.xit  for  ethene,  ethene/ 
methanol,  and  ethene/methanc  flames.  It  is  interest¬ 
ing  to  note  that  the  fluorescence  intensities  of  larger 
PAH  species  excited  by  the  532-nm-wavelength  laser 
beam  achieve  their  maximum  slightly  further  away 
from  the  centerline  as  compared  to  the  profiles  of 
smaller  PAH  species.  A  similar  result  has  been  pre¬ 
viously  reported  by  Smyth  et  al.  [24]  for  Wolfhard- 
Parker  slot  burner  studies  of  methane  diffusion 
flames.  Comparison  of  fluorescence  profiles  in  eth- 
ene/methanol  and  ethene/methane  flames  indicates 
that  the  fluorescence  intensities  of  both  large  and 
small  PAH  species  are  lower  in  the  ethene/methanol 
(lame.  These  results  support  an  argument  that  the 
addition  of  methanol  reduces  the  formation  of  soot 
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Fk;.  F).  Ooinpansoii  <>(  RAH  lliiorvsccMice  uUfnsitu*s  ol 
tlio  pun*  ctluMK*  (hiinc  (ilatru*  1  >  .inci  llu*  llaiiu's  mix(‘ci  uitli 
14.2  nu’tluiru*  'HaiiK*  I-  aiul  14.2  CT  mcthaiK)!  dlanu* 
A)  at  tiu’  iO-min  ta;  t'xcitcd  at  a  wavclfii^tii  ol  5A2 

nin.  il)'  ou:it(‘(l  at  a  waviT'iiiitli  of  290  mu, 

particles  bv  rctardini!;  iIk*  lonnation  ol  tlic  key  soot 
precursors  or  oxiclizinu  tluun  tlironeh  OH  attack. 

In  order  to  furtlicr  understand  the  role  of  the  hy- 
tlro.wi  uroup  in  alcohols,  three  other  alcohols  i etha¬ 
nol,  l-propanoL  and  2-{)r()panol)  have  been  added  to 
an  ethene  laminar  dil  fusion  (lame.  Figure  4  shows 
the  radial  soot  volume  fraction  i/, )  profiles  at  the  40- 
mm  axial  location  of  the  (lames.  Comparison  uith  the 
pure  ethene  flame  illustrates  that  not  all  alcohols  are 
equallv  effective  in  soot  suppression.  Methanol  was 
observed  to  reduce  soot  significantly,  while  ethanol 
and  propanol  have  much  less  of  an  effect  on  the  soot 
concentration.  Indeed,  1 -propanol  and  2-propanol 
were  found  to  slightlv  increase  soot  concentration. 
Since  ethanol  is  a  nonsooting  fuel,  this  result  reveals 
that  the  dilution  effect,  i.e.,  the  reduction  of  soot  con¬ 
centration  bv  diluting  a  sooting  fuel  with  a  nonsoot¬ 
ing  fuel  species,  is  not  significant  in  reducing /i;  in 
the  present  studies.  U  should  be  noted  that  these 
results  are  consistent  with  the  fact  that  the  pvTolysis 
of  methanol  [25]  generates  OH  radicals,  which  can 
oxidize  soot  particles  or  soot  precursors,  while  the 
main  pvTolvsis  product  of  ethanol  [26]  is  ethene  and 
water.  In  droplet  flame  studies,  Randolph  and  Law 
found  that  the  hydroxyl  group  in  hexanol  has  no  ef¬ 
fect  on  soot  concentration  [12].  A  possible  explana¬ 
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Fig.  4.  Companion  of  soot  volume  fraction  profiles  of 
tlie  pure  etlumo  flame  dlame  I  i  and  the*  flames  mixed  with 
14.2  methanoL  flame  T.  20  <*thanoi  dlame  14.2 
CT  Lpropanol  dlame  T',  and  14,2  CO  2-propanol  dlame 
S ;  at  the  -lO-nim  luMiiiit. 

tion  IS  that  hexanol.  like  ethanol,  does  not  produce  a 
significant  amount  of  Oil  radicals  (hiring  pyrolvsis. 

Vrenklach  and  Yuan  |4l  suggested  a  hvdrogcn  re¬ 
moval  mechanism  to  e.xplain  the  t*Uect  ot  alcohol  ad¬ 
dition  on  .soot  formation.  In  their  mechanism,  hydro¬ 
gen  atoms  were  remov(*d  through  the  lullowing 
reactions: 

H  4-  won  -  IL  +  HO  (1) 

II  +  ROH  --  Ho  iron  (2) 

H  -f  ROH -OH  +  HH.  (3) 

Hydrogen  atoms  are  believed  to  play  a  key  role  in 
the  production  of  reactixe  radical  species  in  the  for¬ 
mation  ol  soot  precursors  [2j  ].  Removal  ol  hydrogen 
atoms  should  slow  dowm  the  reactions  toward  soot 
formation.  However,  the  lack  of  soot  reduction  by 
1 -propanol  and  2-propunol  addition  does  not  support 
this  mechanism  as  a  general  ex'planation  for  the  et- 
fects  of  all  alcohols. 

Carbon  Disulfide  Addition: 

During  the  combustion  of  fuel  with  carbon  disul¬ 
fide  as  an  additive.  Sye  and  Hwang  observed  a 
marked  decrease  in  the  formation  of  polycyclic  aro¬ 
matic  hydrocarbons  [28],  the  intermediates  for  soot 
particle  formation.  In  the  pxTolysis  processes  of  hy¬ 
drocarbons,  carbon  disulfide  has  been  used  to  mini¬ 
mize  the  formation  of  coke  [29].  In  present  work, 
CS2  was  added  to  ethene  diffusion  flames  to  study 
the"chemical  influence  of  CSo  on  soot  formation.  Fig¬ 
ure  5  shows  LII  measurements  at  three  heights 
above  the  burner  for  ethene,  ethene/CS.2  and  ethene/ 
COo  flames.  These  profiles  reveal  that  at  lower 
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FtC.  5.  Soot  volunu*  fraction  profilt^s  of  the  pure  etliene 
flame  i  Marne  1 1  and  the  flarnes  mixed  with  5.0  carbon 
(lisulftde  diame  91.  14.2  CTr  carbon  di.siilfide  'Hame  iO). 
and  14.2  carbon  dioxide  i  flame  1 1);  (a)  T-mni  heii^ht. 
(b)  40-mm  height  (c)  60-inm  hci^lit. 

heights  in  the  flame,  the  addition  of  9.5  and  25%  CSo 
(5.0  and  14.2  C%,  respecth^ely)  substantiallv  reduces 
the  formation  of  .soot.  For  tiie  purpose  of  compari¬ 
son,  carbon  dioxide  was  introduced  into  the  ethene 
diffusion  flame  and  a  considerable  reduction  of  soot 
was  obsen'ed.  This  reduction  mav  be  due  to  lower 
adiabatic  flame  temperature  (listed  in  Table  1),  di¬ 
lution,  and  chemical  effects  [30,31].  Although  the 
adiabatic  temperatures  of  ethene/CSo  flames  are 
higher  than  ethene/COo  flames  with  the  same  fuel- 
to-additive  ratio,  the  soot  \'olume  fraction  in  ethene/ 
CSo  flames  was  substantially  lower  than  that  in  the 
ethene/COo  flame  at  low  heights.  These  results  lead 
to  the  conclusion  that  a  chemical  effect  due  to  the 
addition  of  CSo  is  important  in  soot  suppression  ob- 
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Fig.  6.  PAH  fluorescence  intensitx*  profile.s  of  the  pure 
ethene  flame  i  flame  1  =  and  the  flames  mixed  with  14.2  CT 
carbon  dioxide  iflaim*  IP  and  14.2  CT  carbon  <lisnlfidr 
flame  10  •  at  iO-mm  heu^iit  excited  at  a  wa\e length  of  5.52 
imi. 


ser\'(‘d,  and  this  chemical  effect  in  the  lower  part  of 
the  flame  is  stronger  than  the  (*ffects  due  to  (X)j 
addition. 

How(‘\'(t,  higher  in  tlu‘  flames,  the  influence  on 
soot  concentration  by  ( IS.,  addition  becomes  less  ef- 
[(‘ctivc.  At  60  mm  ab()V(‘  the  bnnier.  the  s(K)t  volume 
fraction  in  the  etluau*  25%  (:,S.  1 14.2  C%)  (lame 
is  observed  to  Ik*  higher  than  m  the  ethene  4-25% 
CO.,  { 14.2  C%)  (lame.  A  possible  explanation  for  tins 
obserxation  is  that  the  addition  of  (IS.,  retards  the 
formation  and  growth  of  soot  particles  rather  tlian 
enhancing  soot  burnout.  Hecentlv,  CXiIder  reported 
that  the  addition  of  less  than  40%  SO^  does  not  have 
a  chemical  influence  on  soot  concentration  in  diffu¬ 
sion  flames  f  Llj.  CJonsidering  CS.j  oxidation  to 
in  the  oxidation  zone  of  the  diffusion  flame  and  the 
lack  of  burnout  enhancement,  our  results  are  consis¬ 
tent  with  Childer  s  observation. 

The  measurements  of  PAH  fluorescence  further 
confirm  the  conclusion  that  the  chemical  interaction 
of  CS2  is  significant.  As  shown  in  Fig.  6,  the  addition 
of  25%  CSo  (14.2  C%)  reduces  the  fluorescence  in¬ 
tensity’  of  large  PAH  species  by  more  than  90%.  As 
a  comparison,  the  same  amount  of  CO2  reduces  flu¬ 
orescence  intensity’  by  40%.  The  mechanism  involv¬ 
ing  the  chemical  interaction  is  not  known  vet.  But  it 
is  expected  that  sulfur  atom,  an  oxidizing  species,  is 
generated  during  the  pxTolysis  of  CS2  and  mav  par¬ 
ticipate  in  the  destruction  of  aromatic  hvdrocarbons 
similar  to  OH  radical.  The  absorption  of  sulfur  on 
soot  particle  surface  may  also  slow  down  the  rate  of 
soot  growth.  It  has  been  reported  that  sulfur  and  car¬ 
bon  disulfide  can  chemically  bond  to  active  sites  on 
the  carbon  surface  [32].  The  resulting  carbon-sulfur 
surface  compound  is  extremely  stable  at  700  ®C  [33] 
and  still  exists  at  temperatures  up  to  927  ""C  [34.35]. 
It  might  be  possible  that  the  formation  of  such  sur- 
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{iice  compounds  reduces  the  nuinlier  of  iictixe  car¬ 
bon  sites  on  soot  surface,  thus,  preventin'^  continuous 
<j;ro\\tii  of  the  soot  particles.  Ilowcner.  to  date,  no 
cxpen mental  e\idence  is  available  to  support  the  ex¬ 
istence  of  such  a  surface  compound  in  the  soot 
growth  regions  where  temperatures  as  hi'^h  as  1200 
C  exist.  Further  mvestii^ation  is  needed  to  conKrin 
this  hxpothesis. 

Conclusions 

1 .  It  was  demonstrated  that  the  addition  of  methanol 
and  CSo  into  ethene  diffusion  Haines  can  si<j;nifi- 
cantlv  reduce  the  formation  of  soot  particles. 

2.  Chemical  interaction  was  found  to  plav  an  impor¬ 
tant  role  in  the  suppression  of  soot  formation  by 
methanol  and  carbon  disulfide  addition. 
M<‘asurements  ot  thiore.scencx*  Irom  polvcvclic  ar¬ 
omatic  livdrocarbons  m  ethene  diffusion  Haines 
indicate  that  tliese  species  are  r(*duc(*d  si^niH- 
cantlv  bv  methanol  and  CS^  addition. 

Fundiiu:  for  this  work  from  the  Office  ot  Naval  Researcli 
miderOrant  No.  N(KK)14-93*niS5  with  Dr.  Gabnel  D.  Rov 
as  contract  monitor  is  i£ratetullv  acknowledi^ed. 
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COMMENTS 


Omer  L  Giilder,  Sational  Research  CottiiciL  Canada.  I 
have  t\vf)  comments  and  a  (question.  The  first  comment  is 
that  in  our  experiments  with  litjukl  hvdrocarbon  fuels 
(mixtures  of  isooctane  and  toluene.',  tlie  addition  of  meth- 
anol  has  not  caused  as  much  suppression  as  vou  obsened 
in  ethene  flames.  The  behavior  ot  cthene  mav  not  be  tvpicai 
of  lumber  hydrocarbons.  The  second  comment  is  related  to 
the  ciiemical  influence  of  methanol  addition  on  the  soot 
formation  process.  In  the  pyrolvsis  of  methanol,  acetvlene 
concentrations  are  ven'  small  as  compared  with  those  ob- 
serv'ed  in  methane  pvToIysis.  This  could  be  one  of  tlie  pos¬ 
sible  reiisons  that  methanol  addition  suppresses  soot  for¬ 
mation  more  than  methane  does. 

My  question  is  whether  you  observed  any  changes  in  the 
visible  (lame  heii^ht  when  you  introduced  the  additiv(*s  to 
the  fuel  side.  II  you  did.  then  the  comparison  of  the  soot 
concentrations  at  tfie  same  downstream  flame  location 
would  not  be  meaningful. 

Author's  Reply.  lieuardin^  your  first  comnumt.  the  dif¬ 
ference  between  your  results  VMth  liquid  hydrocarbon  fuels 
and  our  uas  phase  studies  mav  be  due  to  fuel  \'olatilitv  ef¬ 
fects  1 1].  In  our  experiments,  the  added  concentration  of 
methanol  was  controlled  directly,  whereas  in  Ikjuid  fuel 
studies,  the  r(*lative  volatility  of  the  fuel  mixture  compo¬ 
nents  will  determine  how  much  methanol  is  vaporized  and 
when  the  vaponzation  occurs  during  the  combustion  pro¬ 
cess  fll.  Thus,  our  two  studies  may  not  be  tlirectlv  com- 
parable  as  to  the  effectiv(»ness  of  methanol  addition  on  soot 
reduction. 

As  to  your  second  comment,  w'e  would  agree  that  acet¬ 
ylene  is  an  important  intermediate  species  in  soot  forma¬ 
tion.  The  specifics  of  the  ciiemicai  mechanism  bv  which 
soot  formation  is  rt.'duced  in  this  study  have  not  been  spe¬ 
cifically  identified. 

The  flame  height  in  these  studies  varied  from  87  mm  for 
the  pure  C,II,  flame  to  67  mm  for  C,H,/20%  CH,OH 
flame.  However,  the  residence  time  to  reach  a  specific 
height  in  the  flame  does  not  change  in  these  buoyancy- 
dominated  laminar  difTusion  flames,  particularly  under  the 
conditions  used  in  this  study  of  maintaining  a  constant  car¬ 
bon  atom  volume  flow  rate.  Thus,  comparisons  at  similar 
heights  represent  comparable  residence  times,  which  we 
believe  is  an  appropnate  basis  from  which  to  compare  the 
effects  of  the  additives. 
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Rudolf  R.  Mala.  Daimler  Benz.  Cennantf.  Your  results 
suggest  that  addition  ot  sulfur  compounds  to  fuels  reduces 
soot.  In  diesel  engines  it  is  well  knowm  that  minute  quan¬ 
tities  of  sulfur  compounds  increase  soot  emission.  Would 
vou  please  elaborate  on  these  controversial  results?  Or  do 
\our  results  hav(‘  no  relation  to  soot  in  practical  combustion 
systems? 

Authors  Rephf.  The  retiuction  of  particulate  emissions 
from  dit?sel  eiuzmes  as  sulfur  contimt  of  the  fued  decreases 
is  well  known.  a.s  \ou  point  <iut.  However,  tail  pipe  partic¬ 
ulate  emissions  from  diesel  engines  include  s(x>t  particl(‘s 
and  species  that  condense  on  the  soot  particles.  The  re¬ 
duction  m  fuel-bound  sulfur  appears  to  affect  the  con- 
densablt*  spc'cies  fraction  of  the  particulate  emissions  from 
diesel  engines  se.g.,  H^SO,)  strongly  [I].  Thus,  it  is  not 
clear  that  soot  particle  concentrations  are  reduced  directly 
as  fuel-bound  sulfur  is  reduced. 

Regarding  your  (juestion  as  to  the  practical  implications 
of  our  finding  with  regard  to  carbon  disulfide  addition.  w(* 
are  not  proposing  the  addition  of  sulfur  to  fuels  to  reduce 
soot,  .As  our  study  shows,  the  chemical  pathway  by  which 
the  additive  af  fects  the  soot  formation  chemistry  is  impor¬ 
tant,  whether  that  is  bv  an  alcohol  or  a  sulfur-containing 
species.  As  we  observed,  some  alcohol  additives  increased 
soot  formation.  Thus,  the  kev  to  a  reduction  in  soot  for¬ 
mation  via  a  chemical  route  lies  in  the  formulation  of  the 
additive.  It  is  hoped  that  our  work  lends  insight  into  that 
process  under  diffusion  Maine  conditions. 
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Abstract 

Planar  laser-induced  incandescence  (2D-LII)  was  used  to  measure  spatially  resolved  soot-volumc  fraction 
profiles  at  various  points  of  lime  during  droplet  combustion.  Using  this  technique  soot  volume  factions  (fy)  up  to  38  ppm 
in  flames  of  methanol  (CH30HVbcnzene  mixture  droplets,  with  initial  diameters  in  the  range  0.6- 1.0  mm  were 

measured.  Reductions  in  soot  indices  up  to  90%  were  observed  with  75%  addition  of  methanol  by  liquid  volume.  In 
earlier  stages,  rapid  preferential  vaporization  of  less  sooty  methanol,  and  in  later  stages  oxidant  entrainment  due  to 
increased  convection  are  believed  to  result  in  such  reductions. 

Introduction 

Although  sooting  characteristics  of  droplet  tiames  have  been  of  interest  in  many  previous  studies,  they  have 
been  severely  limited  by  the  lack  of  proper  diagnostic  techniques.  Kadota  and  Hiroyasu*  have  used  laser  extinction- 
scattering  to  measure  the  soot  profiles  of  droplets  suspended  by  quartz  fibers  in  a  quiescent  atmosphere.  Randolph  and 
Law“  have  used  a  phase-differentiating  probe  to  sample  the  soot  formed  around  freely-tailing  droplets  for  quantitative 
measurements.  However,  no  measurements  have  been  reported  to  date  characterizing  both  the  temporal  and  spatial 
formation  of  soot  in  free-falling  droplet  tiames.  In  this  study,  Laser-Induced  Incandescence  (LII),  a  technique  which  in 
the  recent  past  has  been  identified  to  be  a  versatile  diagnostic  technique  in  the  measurement  ot  soot-volumc  fraction,  ’ 
has  been  used  to  study  the  sooting  characteristics  of  benzene  /  methanol  droplet  tiames. 

Soot  reductions  due  to  alcohol  addition  have  been  reported  in  many  studies  on  liquid  and  gaseous  mixture 
flames.’*^  Ni  et  al.,''  report  soot  reductions  in  ethylene  tiames  up  to  60%  by  addition  of  14%  methanol.  The  authors  claim 
this  reduction  to  be  mainly  due  to  chemical  effects.  Randolph  and  Law“  studied  droplet  tiames  ot  alcohol/aromatic 
blends.  They  attribute  soot  reductions  mainly  to  the  volatile  nature  of  alcohols,  which  introduced  a  dilution  etfect.  In  the 
present  study  mixtures  of  benzene  and  methanol  have  been  used  to  further  study  such  etfects. 

Experimental 

Figure.  I  shows  the  setup  used  for  the  2D-LII 
imaging.  Central  to  this  setup  is  an  aerodynamic  droplet 
generator  based  on  the  suggestions  by  Green  et  al.,^ 

This  droplet  generator  is  placed  at  the  center  of  a  tlat- 
tlame  burner,  which  in  turn  is  placed  at  the  top  of  a 
combustion  chamber  which  has  tlat  quartz  windows  to 
provide  optical  access.  Droplets  of  initial  diameters  (do) 
between  0.6  and  1.0  mm  issuing  from  the  droplet 
generator  are  ignited  on  traversing  the  flat  flame.  The 
CH4-i-02+Air  mixture  that  passes  through  the  flat-flame 
burner  allows  the  droplets  to  burn  in  an  atmosphere  of 
21%  O2  mole  fraction.  In  such  an  arrangement,  the 
ambient  temperature  inside  the  combustion  chamber 
varied  from  at  the  top  to  about  360'^C  at  the 

bottom. 

The  532  nm  beam  from  a  pulsed  NdiYAG  laser  is  passed  through  a  combination  of  a  1  m  focal  length  bi-convex 
lens  and  a  6  cm  focal  length  cylindrical  lens  separated  by  approximately  6  cm.  The  focus  of  the  vertical  laser  sheet  is 
aligned  to  be  at  the  center  of  the  test  cell.  An  aperture  placed  between  the  lenses  and  the  test  cell  is  used  to  obtain  a  sheet 
of  uniform  power  density  about  3.8  cm  in  height  at  the  center  of  the  test  cell.  A  CCD  camera  equipped  with  a  micro- 
channel  plate  intensifier,  placed  at  90®  to  the  laser  sheet,  is  used  to  capture  the  images.  A  420±5  nm  bandpass  filter  and  a 


Fig.  I  Experimental  setup  for  2D-LII  imaging 


combination  of  105  mm  Nikon  lens  attachment  and  bellows  focusing  attachment  in  tront  ot  the  camera  image  the  soot 
volume  fraction  profiles  on  the  CCD  array.  Further  details  of  this  technique  are  described  in  the  work  ot  Ni  et  al.*^ 

Stroboscopically  backlighted  images  of  freely  falling  droplets  recorded  on  a  standard  video  tape  recorder  system 
provided  drop-size  and  velocity  information.  However,  as  the  test  cell  was  designed  to  study  only  the  initial  portion  (less 
than  a  1/5)  of  the  droplet  lifetime,  the  drop-sizes  remain  virtually  unchanged.  Hence,  the  droplet  diameters  are  assumed  to 
be  constant  throughout  this  study. 


Results  and  Discussion 

The  soot  histories  of  droplets  of  methanol/benzene  mixtures,  for  concentrations  of  25%  and  75%  by  liquid 
volume  (i.e.,  0.131  and  0.577  mole  fraction  of  benzene)  are  shown  in  Fig.  2.  When  a  droplet  of  these  mixtures  is  ignited, 
the  soot  volume  fraction  (fv)  is  observed  to  initially  increase  with  time  followed  by  a  decrease  as  the  droplet  burning 
continues.  Peak  values  of  fv  as  large  as  38  ppm  are  observed  during  combustion.  The  addition  of  increasing  amounts  of 
methanol  to  the  droplet  is  observed  to  reduce  the  amount  of  soot  formed  in  the  droplet  wake  region  at  similar  residence 
times. 

The  structure  of  the  soot  particle  field  in  the  droplet  wake  region  is  similar  to  that  observed  in  gaseous  co-flow 
laminar  diffusion  flames.^  In  Fig.  2b  (t=43  ms),  regions  of  soot  inception,  growth  and  oxidation  can  easily  be  identified. 
The  similarity  between  the  soot  fields  is  a  result  of  the  fact  that  both  combustion  events  are  characterized  by  diffusion 
controlled  mixing,  which  results  in  a  similar  flame  structure.  The  temporal  variation  of  the  soot  evolution  for  the  droplet 
case  is  due  to  a  combination  of  effects  related  to  the  burning  of  fuel  mixtures  and  the  variation  in  convective  effects'. 
These  effects  will  be  discussed  below.  Figure.  3a  provides  a  schematic  of  the  structure  of  the  combustion  field 
surrounding  the  droplet  while  figures  3b  and  3c  show  results  obtained  by  simultaneous  planar  imaging  of  laser-induced 
fluorescence  from  OH-radicals  and  2D-LII  measurements  of  fv  behind  a  free- falling  combusting  droplet.  It  should  be 
noted  that  throughout  the  observation  period,  the  OH  radicals  envelope  the  soot  containing  region. 

Effect  of  Methanol  Addition  : 


As  identified  by  Wang  et  al.,’  when  a  droplet  of  a  binary-mixture  is  ignited,  the  volatile  component  is 
preferentially  vaporized  initially.  This  vaporization  is  sustained  by  its  supply  from  a  thin  surface  layer  through  which 
diffusion  is  rapid  because  of  the  short  characteristic  length  of  traverse.  However,  as  the  concentration  of  the  volatile 
component  in  this  layer  is  steadily  diminished,  replenishment  from  the  inner  core  becomes  slow  because  of  the 
exceedingly  slow  rate  of  liquid-phase  mass  diffusion.^  As  time  proceeds,  the  vaporization  rate  of  the  individual 
components  should  follow  their  initial  concentrations  in  the  initial  mixture.  This  leads  to  a  soot  history  dominated  by  the 
sooting  nature  of  the  volatile  fuel  during  the  earlier  parts,  which  is  followed  by  that  characteristic  of  the  initial 
concentration  of  the  binary  mixture.^ 

The  soot  histories  of  droplets  of  meihanol/benzene  mixtures  studied  here  closely  follow  the  description  of  Wang 
et  al.^  When  a  droplet  of  these  mixtures  is  ignited,  methanol  is  preferentially  vaporized  initially  leading  to  very  little  net 
soot  emissions.  This  is  soon  followed  by  the  liquid-phase  diffusion  limited  combustion.  As  volatilities  of  methanol  and 
benzene  are  quite  close  (boiling  points  being  respectively  65^C  and  80^C)  this  diffusion  limit  is  reached  quiet  early  in 
the  burning  phase.  This  explains  the  soot  cloud  moving  towards  the  droplet  in  the  first  two  frames  (t  =  30,  43  ms)  of  Fig 
2b.  In  the  subsequent  frames,  we  find  the  soot  cloud  gradually  moves  away  from  the  droplet,  which  can  be  attributed  to 
increased  oxidizer  entrainment  due  to  convection. 

As  identified  by  Jackson  et  al.,**  the  azeotropic  data  of  methanol/benzene  mixtures  could  govern  their 
vaporization  characteristics.  The  existence  of  a  negative  azeotrope*’  at  57.5**C  implies  preferential  vaporization  of 
benzene  for  its  mixture  fractions  <58.5%  by  volume.  However,  as  the  gas  diffusion  coefficient  of  methanol  is  greater  than 
that  of  benzene  -  estimates  being  0. 104  cm^/sec  and  0.056  cm^/sec  for  CH3OH/N2  and  C5H5/N2  mixtures  respectively  - 
it  could  be  argued  that  rapid  transport  and  the  subsequent  depletion  of  methanol  vapors  immediate  to  the  droplet  surface 
leads  to  its  greater  vaporization. 

Effect  of  Droplet  Size: 

As  identified  by  Jackson  et  al,^  the  residence  time  of  fuel  molecules  in  the  gas-phase  between  the  droplet  surface 
and  the  flame  increases  with  diameter  (being  proportional  to  d^  for  spherically  symmetric  quasi-steady  droplet 
combustion).  Thus,  larger  droplets  allow  more  time  for  fuel  molecules  to  break  down  and  the  subsequent  formation  and 
nucleation  of  soot  precursors. 

The  temporal  evolution  of  soot  indices,'  S  (mg/drop),  with  time  for  different  droplet  sizes  are  plotted  in  Fig.  4. 
The  increase  in  soot  indices  with  droplet  size  is  quite  evident.  If  a  d^  dependence  is  assumed,  n  values  arc  found  to  lie 
between  3  and  4;  the  non-linearity  of  the  gas-phase  reactions  leading  to  soot  growth  can  be  identified  to  be  dominant  over 
other  physical  mechanisms. 


Summary  and  Conclusions 

Based  on  the  present  state  of  understanding,  the  phenomenology  of  soot  formation  around  a  moving  droplet  can 
be  depicted  as  described  in  the  work  of  Law  and  co- workers”’^ : 

In  the  early  part  of  its  lifetime,  the  droplet  undergoes  thermal  heating  from  the  surroundings,  during  which  fuel 
vaporization  is  relatively  negligible.  Later,  due  to  vaporization  of  the  fuel  and  its  subsequent  pyrolysis  a  flame  front  exists 
around  the  drop  (cf  Fig.  3a).  Within  this  shell,  large  hydrocarbon  molecules  formed  due  to  fuel  pyrolysis  move  towards 
the  droplet  due  to  thermophoresis.  In  this  fuel  rich  region,  they  undergo  growth  through  coalescence  with  each  other  and 
due  to  reactions  with  outwardly  diffusing  fuel  species.  These  incipient  soot  particles  move  away  from  the  droplet  and 
towards  the  flame  front  due  to  convection.  As  the  soot  particles  traverse  the  flame  front,  aided  by  the  increased  oxygen 
availability  and  higher  temperatures  they  undergo  rapid  oxidation.  Soot  particles  which  survive  this  oxidation  process 
constitute  the  net  soot  emissions  from  the  droplet  flame.  As  velocity  of  the  droplet  increases  in  time,  the  incipient  soot 
particles  aided  by  buoyancy  and  convection  are  transported  to  the  rear  of  the  droplet  where  they  undergo  oxidation.  At 
increased  convection  combustion  occurs  in  the  wake  region,  which  being  premixed  to  a  certain  extent  leads  to  less  sooty 
emissions. 
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From  observations  made  in  this  study,  the  following 
conclusions  can  be  listed: 

1)  2D-LII  has  been  used  to  measure  temporal  and 
spatial  soot-volume  fraction  profiles  in  flames  of  freely 
falling  droplets.  Using  this  technique  fy  up  to  38  ppm 
have  been  measured  in  droplet  flames  of  methanol  and 
benzene  blends.  Soot  indices  calculated  assuming 
concentric  flame  structure  are  of  the  same  order  as  those 
reported  previously.“ 

2)  The  soot  profiles  around  burning  droplets  have  a 
suajcture  similar  to  laminar  diffusion  flames, 

3)  Results  indicate  substantial  reductions  in  the 
instantaneous  soot  around  droplets  due  to  methanol 
addition.  This  can  be  attributed  to  the  preferential 
vaporization  of  methanol  over  benzene  in  the  initial 
parts  of  the  droplet  lifetime  and  possibly  to  oxidizer 
entrainment  due  to  increased  convection  in  the  latter 
pans. 

4)  Convective  transport  is  found  to  strongly  affect  the 
net  soot  emissions  from  the  droplet. 

Though  many  physical  mechanisms  could  be 
identified  to  affect  the  soot  formation  in 
methanol/benzene  droplets,  chemical  action  by 
methanol  could  not  be  unambiguously  ascertained. 


Fig.  4  Soot  histories  of  free-falling  droplet  flames; 

(a)  do=  l.O  mm  (b)  do~  0.67  mm 
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Two-dimensional  imaging  of  soot  volume  fraction 
by  the  use  of  laser-induced  incandescence 


T.  Ni,  J.  A.  Pinson,  S.  Gupta,  and  R.  J.  Santoro 


A  recently  developed  laser-induced  incandescence  technique  is  used  to  make  novel  planar  measurements 
of  soot  volume  fraction  within  turbulent  diffusion  flames  and  droplet  flames.  The  two-dimensional 
imaging  technique  is  developed  eind  assessed  by  systematic  experiments  in  a  coannular  laminar  diffusion 
flame,  in  which  the  soot  characteristics  have  been  well  established.  With  a  single  point  calibration 
procedure,  agreement  to  within  10%  was  found  between  the  values  of  soot  volume  fraction  measured  by 
this  technique  and  those  determined  by  conventional  laser  scattering-extinction  methods  in  the 
flame.  As  a  demonstration  of  the  wide  range  of  applicability  of  the  technique,  soot  volume  fraction 
images  are  also  obtained  from  both  turbulent  ethene  diffusion  flames  and  from  a  freely  falling  droplet 
flame  that  bums  the  mixture  of  75%  benzene  and  25%  methanol.  For  the  turbulent  diflusion  flames, 
approximately  an  80%  reduction  in  soot  volume  fraction  was  found  when  the  Reynolds  number  of  the  fuel 
jet  increased  from  4000  to  8000.  In  the  droplet  flame  case,  the  distribution  of  soot  field  was  found  to  be 
similar  to  that  observed  in  coannular  laminar  diffusion  flames. 
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1.  Introduction 

Recently  the  eflFectiveness  of  laser-induced  incandes¬ 
cence  (LII)  for  the  quantitative  determination  of  local 
soot  volume  fraction  in  laminar  diffusion  flames^’^ 
was  demonstrated.  Because  this  diagnostic  tech¬ 
nique  provides  a  direct  measure  of  soot  volume 
fraction  without  the  need  for  a  tomographic  inversion 
process,  as  is  used  in  conventional  line-of-sight  laser 
extinction  methods,  it  was  suggested  that  LII  could 
be  applied  for  instantaneous  planar  measurements  of 
soot  volume  fraction  in  combustion  systems,  includ¬ 
ing  nons3anmetric  or  unsteady  flames.  The  applica¬ 
tions  of  LII  in  qualitative  two-dimensional  (2-D)  soot 
field  imeiging  of  diflusion  flame  and  diesel  engine 
combustion  have  been  previously  reported.^®  With 
the  use  of  a  calibration  scheme  described  in  the 
earlier  work  for  point  measurements,^  it  is  possible  to 
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obtain  quantitative  2-D  imaging  of  soot  volume  frac¬ 
tion. 

LII  arises  from  near-blackbody  emissions  that  origi¬ 
nate  from  laser-heated  soot  particles.  Theoretical 
analysis  has  shown  that  when  the  laser  pulse  is 
sufficiently  intense,  LII  emission  in  the  visible  wave¬ 
length  range  is  approximately  proportional  to  local 
soot  volume  fraction.®  This  prediction  has  been 
verified  experimentally  in  the  previous  work  involv¬ 
ing  point  measurements  in  an  ethene-air  laminar 
diffusion  flame.  ^  Recent  work  that  address  pre¬ 
mixed  flat  flames  have  observed  similar  results  and 
have  examined  the  effects  of  interfering  radiation 
such  as  background  flame  luminosity  and  fluores¬ 
cence  from  polycyclic  aromatic  hydrocarbons'^  (PAH’s). 
Studies  in  which  LII  is  used  to  measure  soot  volume 
fraction  in  flickering  ethene-air  diffusion  flames  have 
also  been  reported.® 

In  this  paper,  we  address  key  issues  associated  with 
quantitative  measurements  made  by  using  2-D  LII 
imaging  and  describe  the  novel  application  of  2-D  LII 
in  the  measurement  of  soot  volume  fraction  in  lami¬ 
nar  diffusion,  turbulent  diffusion,  and  free-falling 
droplet  flames.  To  gain  better  understanding  of  the 
behavior  of  the  LII  technique  and  to  provide  informa¬ 
tion  for  the  design  of  experiments  by  the  use  of  2-D 
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LII  imaging,  we  also  made  a  number  of  point  measure¬ 
ments. 

2.  Experimental  Approach 

A,  Experimental  Apparatus  For  Point  Measurements 
The  optical  setup  for  the  point  measurements  utilizes 
a  frequency-doubled  Nd;YAG  pulsed  laser  (Surelite 
II,  Continuum)  operating  at  10  Hz  with  a  pulse  width 
of  7  ns  FWHM.  For  studying  the  effects  of  the  laser 
beam  intensity  profile  on  the  LII  signal,  two  types  of 
intensity  profiles  were  used.  These  are  referred  to 
as  the  near-Gaussian  profile  and  the  rectangular 
profile  hereafter,  and  they  indicate  the  shape  of  the 
intensity  profile  across  the  laser  beam.  The  rectan¬ 
gular-profile  beam,  i.e.,  one  in  which  the  laser  inten¬ 
sity  is  uniform  across  the  beam,  was  produced  when  a 
1-mm-diameter  pinhole  was  placed  in  front  of  the 
flame,  which  allowed  only  the  center  portion  of  a 
6-mm-diameter  near-Gaussian  laser  beam  to  heat  the 
soot  particles.  Because  the  1-mm-diameter  pinhole 
is  only  6  cm  away  front  the  flame,  the  diffraction 
effects  from  the  pinhole  are  negligible.  Tbe  inten¬ 
sity  of  the  laser  beam  was  varied  by  the  use  of  a 
combination  of  a  half-wave  plate  and  a  polarization 
beam  splitter.  The  LII  signal  at  a  90°  angle  was 
focused  onto  the  entrance  slit  of  a  0.25-m  monochrom¬ 
eter  (Instruments  SA  H20)  and  was  detected  by  a 
photomultiplier  tube  (PMT)  (Hammamatsu  R928) 
wired  for  fast  response.  The  combination  of  a 
0.25-mm  entrance  slit  width  for  the  monochrometer 
an<f  the  1-mm  beam  diameter  of  the  laser  defined  the 
probe  volume  for  the  point  measurements.  A  nar¬ 
row-band  mterference  filter  (10  nm  FWHM,  transmit¬ 
tance  peaks  at  400  nm)  was  placed  in  the  front  of  the 
monochrometer  in  order  to  reject  scattered  laser 
light.  The  output  from  the  PMT  was  input  to  a 
100-MHz  digital  oscilloscope  (Tektronix  TSA  2440) 
emd  then  transferred  to  a  lab  computer  by  a  general- 
purpose  interface  bus.  A  coannular  laminar  diffu¬ 
sion  flame  that  bums  ethene  in  air  was  used  in  this 
study.  The  burner  that  was  identical  to  the  one  used 
in  previous  soot  studies®’^®  consists  of  a  1.1-cm- 
diameter  fuel  tube  surrounded  by  a  10.2-cm-diameter 
air  tube.  The  flow  rates  of  ethene  and  air  were 
3.85cm®/s  and  1060  cm®/s,  respectively.  At  this 
flow  condition,  the  distribution  of  soot  volume  frac¬ 
tion  and  soot  particle  size  have  been  measured  by  a 
light  scattering-extinction  method.® 

B.  Experimental  Apparatus  For  Two-Dimensional 
Laser-Induced  Incandescence  Imaging 

The  experimental  setup  for  2-D  LII  imaging  is  shown 
in  Fig.  1.  A  285-mJ/pulse,  532-nm  laser  beam 
(Gaussian  profile  at  far  field)  from  the  YAG  laser  wsis 
shaped  into  a  350‘p.m-thick  (FWHM)  laser  sheet  by  a 
combination  of  a  diverging  cylindrical  lens  [focal 
length  (fl)  =  6  cm]  and  a  spherical  focusing  lens  (fl  =  2 
m).  The  thickness  of  the  laser  sheet  was  measured 
by  translation  of  a  razor  blade  across  the  laser  sheet 
and  measuring  the  transmitted  energy.  For  quanti- 


Fig.  1 .  Experimental  setup  for  2-D  LII  imaging, 

tative  2-D  LII  measurements,  the  uniformity  of  the 
laser  sheet  is  particularly  important.  A  good  laser 
sheet  was  obtained  when  the  diverging  (ylindrical 
lens  was  placed  close  the  laser  exit,  as  the  laser  beam 
profile  at  near  field  is  nearly  flat.  Although  the  laser 
sheet  at  the  focal  point  was  ~  32  cm  in  height,  only 
the  central  10  cm  were  used  for  2-D  LII  imaging  to 
ensure  the  uniformity  of  the  laser  sheet.  The  unifor¬ 
mity  of  the  center  10  cm  of  the  laser  sheet  was  better 
than  90%  as  determined  when  a  2-mm-wide  slit  was 
moved  vertically  along  the  laser  sheet  and  the  trans¬ 
mitted  laser  power  was  measured.  The  use  of  a  very 
long  fl  lens  (fl  =  2  m)  has  the  advantage  of  minimizmg 
the  variation  of  the  thickness  of  the  laser  sheet  across 
a  flame,  which  is  especially  important  when  large- 
diameter  flames  are  being  studied.  For  an  imaging 
area  as  wide  as  5  cm,  the  variation  of  the  thickness  is 
estimated  to  be  less  than  5%.  Furthermore,  the 
sensitivity  of  LII  imaging  is  higher  when  a  longer  fl 
lens  is  used,  as  the  LII  signal  is  directly  proportional 
to  the  thickness  of  the  laser  sheet,  which  is  larger  for 
a  longer  fl  lens.  For  large-diameter  flames,  the  use 
of  a  thicker  sheet  is  particularly  important,  as  it  helps 
in  rejecting  background  luminosity,  which  is  nearly 
proportional  to  the  diameter  of  the  flame. 

The  LII  imeiges  were  taken  at  a  90°  angle  to  the 
laser  sheet  by  a  gateable  intensified  CCD  camera 
(Princeton  Instruments,  Model  ICCD-576S/RB) 
equipped  with  a  105-mm  fl  UV  ceunera  lens  (Nildkon, 
/'/4.5).  The  spatial  resolution  for  these  2-D  imaging 
studies  is  determined  by  the  number  of  camera  pixels 
(578  X  384)  available  and  the  field  of  view  imaged  in 
the  experiments.  The  resolutions  for  each  of  the 
studies  described  here  are  included  in  the  appropriate 
sections  below.  A  broadband  interference  filter 
(450  ±  25  nm)  was  placed  in  front  of  the  camera  to 
minimize  the  interference  from  scattered  hght.  A 
small  amount  of  scattered  hght  was  found  to  pass 
through  the  filter.  The  influence  of  the  scattered 
light  was  completely  eliminated  when  the  intensifier 
was  gated  on  after  the  laser  pulse.  Although  a 
stronger  signal  could  be  obtained  if  a  long  gate  time 
were  employed,  the  gate  time  for  the  intensifier  in 
this  experiment  was  set  at  18  ns,  which  is  much 
shorter  than  LII  decay  time,  to  minimize  the  effect  of 
particle  size,  which  is  discussed  below. 

The  interference  from  fluorescence  of  PAH’s  has 
been  examined.  For  ethene  coflow  diffusion  flames. 
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PAH's  are  mostly  present  at  lower  flame  heights  and 
at  radial  locations  that  are  closer  to  the  center  line 
compared  with  soot  particles.^  In  these  PAH  forma¬ 
tion  regions  where  soot  particles  are  absent,  no 
significant  signal  was  observed  in  the  LII  imaging 
experiments,  indicating  that  fluorescence  from  PAH 
does  not  interfere  with  the  LII  signal.  This  may  be 
due  to  the  observation  that  PAH  species  emit  predomi¬ 
nantly  at  wavelengths  longer  than  the  excitation 
wavelength  (532  nm),  whereas  the  LII  signal  was 
captured  at  a  shorter  wavelength  (450  nm).  To  pre¬ 
vent  flame  luminosity  from  leaking  through  the 
intensifier  when  the  gate  is  off,  a  mechanical  shutter 
that  opens  for  5  ms  during  image  acquisition  was 
placed  in  front  of  the  camera  lens.  With  a  modest 
intensifier  gain,  the  single-shot  signal  from  10  parts 
in  10®  (ppm)  soot  in  an  ethene  diffusion  flame  is 

3000  counts/pixel  for  a  probe  volume  of  170  |xm  x 
170  fxm  X  350  jim.  The  sensitivity  can  be  enhanced 
by  increasing  the  bandwidth  of  the  interference  filter. 
In  the  present  imaging  experiment,  the  camera  was 
gated  on  immediately  after  the  laser  pulse.  When 
the  slightly  delayed  LII  signal  was  measured,  the 
intensity  of  the  acquired  images  was  found  to  remain 
nearly  constant  for  an  average  laser  fluence  beyond 
0.17  J/cm^,  Measurements  were  taken  at  a  laser 
fluence  of  0.32  J / cm^  or  an  intensity  density  of  4.6  x 
10“^  W/cm^.  This  laser  fluence  is  approximately  a 
factor  of  8  lower  than  that  used  in  our  previous  work 
for  point  measurements.^  The  use  of  low  laser  flu¬ 
ence  has  the  advantage  of  minimizing  intrusion  of  the 
LII  process  on  the  flame  that  is  due  to  laser  vaporiza¬ 
tion  of  soot  particles  and  thus  has  potential  for 
applications  in  systems  in  which  successive  images 
are  needed. 

After  dark  noise  was  subtracted,  the  LII  images 
were  corrected  for  the  combined  spatial  variations  in 
CCD  pixel  response  and  intensifier  gain  when  the 
ratio  of  the  LII  image  to  a  correction  image  was  taken. 
The  correction  image  was  obtained  by  the  uniform 
illumination  of  the  camera  by  a  lamp  located  behind  a 
diffusor.  The  corrected  LII  images  were  then  trans¬ 
lated  into  soot  volume  fraction  images  after  the 
imaging  system  was  calibrated  against  a  sooting 
source  whose  soot  volume  fraction  is  known.  In  this 
experiment,  an  ethene  diffusion  flame  served  as  the 
calibration  standard.^  The  LII  images  were  not 
corrected  for  the  absorption  of  LII  signal  by  soot 
particles  located  between  the  laser  sheet  and  the 
camera.  Although  using  longer  detection  wave¬ 
lengths  could  reduce  the  extinction  of  the  signal,  the 
background  luminosity  becomes  more  difficult  to 
reject. 

3.  Laser-Induced  Incandescence  Signal 
Characteristics 

A.  Laser  Fluence  Effects 

The  intensity  of  a  LII  signal  depends  on  the  tempera¬ 
ture  of  the  laser-heated  soot  particles,  which  is  deter¬ 
mined  by  the  rate  of  laser  energy  absorption  and  heat 


loss  through  conduction,  radiation,  and  soot  vaporiza¬ 
tion.  It  has  been  observed^  that  initially  the  LII 
signal  increases  rapidly  as  laser  fluence  increases. 
Once  laser  fluence  reaches  a  saturation  threshold  the 
LII  signal  shows  a  small  or  no  increase  with  respect  to 
an  increase  in  laser  fluence.  At  high  laser  fluence  it 
is  believed  that  soot  vaporization  is  the  dominant 
effect  that  limits  the  increase  in  soot  particle  tempera¬ 
ture.  Using  a  laser  fluence  in  the  saturation  regime 
is  desirable  when  one  is  measuring  soot  volume 
fraction,  as  the  LII  signal  is  then  least  affected  by 
laser  beam  attenuation  across  the  flame.  However, 
there  is  a  significant  uncertainty  in  measuring  the 
local  laser  fluence  in  an  ordinary  laser  beam,  which  is 
not  uniform.  It  is  therefore  difficult  to  determine 
the  saturation  intensity  accurately  under  many  condi¬ 
tions.  In  order  to  study  the  effect  of  laser  fluence  on 
the  LII  signal,  a  rectangular-profile  laser  beam  was 
used  to  heat  the  soot  particles.  Theoretical  mod- 
eisii42  for  particle  heating  and  vaporization  have 
been  reported  previously  as  a  function  of  laser  fluence. 
The  use  of  the  rectangular-profile  beam  allows  the 
laser  fluence  to  be  easily  determined,  thereby  allow¬ 
ing  direct  comparison  with  theory. 

Figure  2  illustrates  the  effect  of  laser  fluence  on  the 
intensity  of  the  LII  signal  detected  immediately  after 
the  rectangular-profile  laser  pulse.  These  results 
were  obtained  in  an  ethene  laminar  diffusion  flame  at 
a  height  40  mm  above  the  fuel  tube  exit  and  at  a 
radial  location  where  peak  soot  volume  fraction  is 
observed  for  this  height.  Below  a  laser  fluence 
threshold  of  0.06  J/cm^,  no  observable  LII  signal  was 
detected.  Just  above  the  laser  fluence  threshold,  the 
LII  signal  exhibits  a  rapid  increase  with  increased 
laser  fluence.  After  the  LII  signal  reaches  a  peak  at 
a  laser  fluence  of  0.27  J  /  cm^,  further  increase  of  laser 
fluence  actually  reduces  the  LII  signal  intensity. 
Similar  results  have  been  observed  recently  by  Vander 
Wal  and  Weiland^®,  who  used  a  Gaussian-profile  laser 
beam.  A  profile  that  exhibits  a  rapid  increase  in  the 
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Fig.  2.  Effect  of  laser  fluence  on  LII  for  a  rectangular  laser 
intensity  profile  (rectangular  profile).  These  measurements  corre¬ 
spond  to  an  ethene-air  laminar  diffusion  flame  at  an  axial  position 
40  mm  above  the  fuel  tube  exit  and  a  radial  location  exhibiting  the 
peak  soot  volume  fraction  for  that  height. 
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Fig.  3.  Effect  of  laser  fluence  on  the  spatially  resolved  LII  signal 
profile  at  a  height  40  mm  above  the  fuel  exit  of  an  ethene-air 
laminar  difiusion  flame:  (a)  laser  fluence  0.15  J/cm^,  (b)  laser 
fluence  0.41  J /cm^. 

LII  signal  followed  by  a  slow  decrease  as  a  function  of 
laser  fluence  has  been  predicted  by  Tait  and  Green- 
halgy  from  numerical  calculations.  They  predicted 
that  a  decrease  in  particle  mean  volume  that  is  due  to 
vaporization  at  high  laser  fluence  reduces  the  LII 
signal  intensity.  The  spatially  resolved  LII  signal 
profiles  across  an  axisymmetric  ethene  diffusion  flame 
at  the  40-mm  height  are  shown  in  Fig.  3.  Because  of 
the  extinction  of  the  laser  beam  by  soot  particles, 
which  results  in  a  20%~25%  reduction  in  the  laser 
intensity  across  the  flame,  the  LII  profiles  are  asym¬ 
metric.  For  a  laser  fluence  below  saturation,  the  LII 
signal  from  the  peak  that  is  closer  to  the  laser  source 
is  stronger  [shown  in  Fig.  3(a)],  as  the  effect  of  laser 
attenuation  dominates  over  soot  vaporization.  In 
contrast,  for  a  laser  fluence  beyond  the  saturation 
fluence,  the  signal  from  the  far  peak  is  stronger 
[shown  in  Fig.  3(b)],  as  soot  vaporization  is  now  the 
dominant  perturbation  that  affects  the  LII  signal. 

A  temporal  profile  of  the  vertically  polarized  light¬ 
scattering  signal  and  the  influence  of  laser  intensity 
on  the  temporal  profile  of  the  LII  signal  are  shown  in 
Fig.  4.  For  a  laser  intensity  slightly  above  the 


Fig.  4.  Effect  of  laser  fluence  on  the  temporal  profile  of  the  LII 
signal:  dashed  curve,  laser  scattering  signal;  trace  1,  laser  fluence 
0.072  J/cm^;  trace  2,  laser  fluence  0.14  J/cm^;  trace  3,  laser 
fluence  0.27  J/ cm^;  trace  4,  laser  fluence  0.72  J/cm^. 


threshold,  the  LII  signal  rises  slowly  and  reaches  its 
maximum  just  after  the  laser  pulse,  which  indicates 
that  the  temperature  of  the  soot  particles  is  con¬ 
stantly  increasing  during  the  laser  pulse.  As  laser 
fluence  increases,  the  rise  time  and  the  decay  time  of 
the  LII  signal  decrease,  while  the  maximum  in  the  LII 
signal  is  observed  to  increase  at  lower  laser  fluence 
(<0.27  J/cm^)  and  decrease  at  higher  laser  fluence 
(>0.27  J/cm2).  The  initial  increase  in  the  maxi¬ 
mum  of  the  LII  signal  and  the  decrease  of  the  LII 
signal  rise  time  with  increased  laser  fluence  are 
consistent  with  the  observation  that  soot  particles  are 
heated  to  a  higher  temperature  and  that  the  tempera¬ 
ture  rises  faster  at  a  higher  laser  intensity.  The 
dramatic  decrease  of  the  LII  decay  time  with  in¬ 
creased  laser  fluence,  as  shown  in  Fig.  5,  is  not  fully 
understood.  One  explanation  is  that  the  vaporiza¬ 
tion  of  soot  particles  under  intense  laser  heating 
reduces  their  size,  and  the  smaller  particles  conse¬ 
quently  cool  faster.  Dasch^^  showed  that  vaporiza¬ 
tion  reduces  the  diameter  of  soot  particles,  Z),  exponen¬ 
tially  with  laser  fluence,  F,  as 

D=Doexp[-{F-F*)/Fo],  (1) 

where  Dq  is  the  initial  particle  diameter  and  F*  and  Fq 
are  empirical  parameters  that  can  be  detennined 
experimentally.  For  a  7-ns  laser  pulse,  the  thresh¬ 
old  fluence  F*  and  decay  fluence  Fq  have  been  re¬ 
ported  to  be  0.23  J /cm^  and  1.9  J/cm^,  respectively. 

For  a  laser  fluence  of  0.54  J/cm^,  the  calculated 
reduction  in  soot  particle  size  from  Eq.  (1)  is  15%. 
Under  the  same  laser  fluence,  the  LII  decay  time  is 
approximately  a  factor  of  10  times  shorter  than  the 
decay  time  under  a  laser  fluence  of  0.11  J/cm^. 
Such  a  significant  decrease  in  the  decay  time  cannot 
be  explained  by  the  vaporization  mechanism  alone. 
It  is  likely  that,  in  addition  to  the  vaporization 
mechanism,  other  physical  or  chemical  properties  of 
the  soot  particles  change  under  the  intense  laser 
fiuences  involved  in  the  particle-heating  process. 
Dasch^^  measured  hght  scattering  and  absorption  of  a 
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Fig.  5.  Effect  of  laser  fluence  on  the  LII  signal  decay  time  (the 
time  for  the  signal  to  decay  to  1  /e  of  peak  intensity). 
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cw  probe  laser  along  a  high-energy  pulsed  laser  beam 
and  concluded  that  soot  particles  vaporize  rather 
than  fragment.  However,  by  a  careful  examination 
of  the  time-resolved  light-scattering  signal  obtained 
by  Dasch,^2  ^  found  that  there  is  a  transient, 

but  significant,  reduction  in  light  scattering  during  or 
immediately  after  the  laser  pulse,  which  Dasch  attrib¬ 
uted  to  scattered  light  from  the  laser  pulse  or  induced 
incandescence.  This  transient  signal  could  also  be 
interpreted  as  indicating  that  soot  aggregates  un¬ 
dergo  a  rapid  change  in  shape,  resulting  in  an  in¬ 
creased  surface  area  and  a  faster  heat  loss. 

From  these  results,  it  is  clear  that  at  the  laser 
fluences  required  for  LII  measurements,  significant 
effects  on  the  LII  signal  decay  time  can  be  observed  as 
the  laser  fluence  is  varied.  Thus  the  observed  re¬ 
sponse  of  LII  signal  intensity  to  the  laser  fluence  is 
sensitive  to  the  delay  time  for  detector  gate  pulse  with 
respect  to  the  laser  pulse.  The  LII  signal  during  the 
initial  laser-heating  period  is  particularly  sensitive  to 
the  laser  fluence.  For  quantitative  soot  volume  frac¬ 
tion  measurements,  the  detector  gate  should  be  de¬ 
layed  by  few  nanoseconds  with  respect  to  the  laser 
pulse. 

B.  Particle-Size  Effects 

Figure  6  shows  the  temporal  profiles  of  a  LII  signal 
obtained  in  the  ethene-air  laminar  diffusion  flame  at 
heights  of  10  and  30  mm  above  the  fuel  tube  exit  and 
at  the  radial  locations  corresponding  to  peak  soot 
volume  fraction  for  these  heights.  These  observa¬ 
tions  were  made  with  the  rectangular-profile  laser 
beam  with  a  laser  fluence  of  0.27  J/cm^.  Spatially 
resolved  particle-size  measurements  on  this  flame 
have  been  performed  by  Santoro  et  al.^  The  mean 
particle  diameter  {Dqs)  of  soot  particles  at  the  30-mm 
height  is  160  nm,  which  is  significantly  larger  than 
that  observed  at  the  10-mm  height,  where  the  mean 
size  is  64  nm.  As  can  be  seen  in  Fig.  6,  the  leading 
edges  of  LII  temporal  profiles  at  the  two  locations  in 
the  flame  closely  match,  which  is  consistent  with  the 
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Fig.  6.  Temporal  profile  of  a  LII  signal  obtained  in  the  ethene-air 
laminar  diffusion  flame  at  heights  of  10  and  30  mm  above  the  fuel 
tube  exit  and  at  the  radial  locations  corresponding  to  peak  soot 
volume  fraction  for  these  heights. 


theoretical  prediction,^  indicating  that  in  the  Ray¬ 
leigh  regime  all  particles,  regardless  of  size,  increase 
in  temperature  at  the  same  rate.  In  contrast,  the 
LII  signal  at  the  10-mm  flame  height  undergoes  a 
faster  decay  than  that  observed  at  the  30-mm  height. 
This  behavior  is  due  to  the  difference  of  the  soot 
particle  size,  as  smaller  particles  have  a  larger  surface 
area  per  unit  mass  and  are  expected  to  cool  faster. 

To  demonstrate  this  particle-size  effect  and  esti¬ 
mate  the  error  associated  with  the  detection  delay 
time,  a  one-dimensional  (1-D)  LII  imaging  experi¬ 
ment  was  performed.  The  LII  signal  generated  by 
the  rectangular-profile  laser  beam  was  imaged  onto 
the  gated  intensified  CCD  camera.  A  narrow-band 
interference  filter  with  transmittance  centered  at 
400  nm  was  placed  in  the  front  of  the  camera  to  reject 
scattered  laser  light  and  PAH  fluorescence.  The 
camera  was  gated  on  for  5  ns.  Figure  7(a)  shows  the 
normalized  1-D  LII  signal  profiles  from  the  ethene- 
air  laminar  diffusion  flame  at  the  40  mm  height, 
obtained  by  the  varying  of  the  delay  time  of  the 
intensifier  gate  with  respect  to  the  laser  pulse. 
Figure  7(a)  contrasts  the  results  obtained  when  the 
gate  is  placed  immediately  after  the  laser  pulse 
compared  with  the  case  in  which  the  gate  is  delayed 
180  ns.  It  can  be  seen  that  the  LII  signal  ratio  of 
center  line  to  the  peaks  decreases  as  the  intensifier 
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Fig.  7.  Effect  of  the  delay  time  of  the  detector  gate  on  the  spatial 
profile  of  the  LII  signal  at  the  40-mm  height  in  the  ethene-air 
laminar  diffusion  flame:  (a)  solid  curve,  LII  signal  observed 
immediately  after  laser  pulse;  dashed  curve,  LII  signal  observed 
180  ns  after  the  laser  pulse;  (b)  laser  scattering-extinction  data,® 
where  the  solid  curve  is  the  soot  mean  particle  diameter,  and  the 
dashed  curve  is  the  soot  volume  fraction. 


20  October  1995  /  Vol.  34,  No.  30  /  APPLIED  OPTICS  7087 


gate  pulse  was  delayed  for  180  ns  with  respect  to  the 
laser  pulse.  This  observation  is  consistent  with  the 
particle-size  measurements  at  that  height,  which  are 
shown  in  Fig.  7(b).  Compared  vdth  soot  volume 
fraction  data  at  the  same  flame  height  [shown  in  Fig. 
7(b)]  measured  by  the  laser  scattering-extinction 
method,®  the  LII  profile  taken  immediately  after  the 
laser  pulse  matches  closely  with  the  laser  scattering- 
extinction  data.  Similar  results  were  also  observed 
for  the  Gaussian-profile  laser  beam.  Because  of  this 
size  dependence,  the  delay  time  between  laser  pulse 
and  detector  gate  for  an  imaging  experiment  should 
be  made  as  short  as  possible  to  minimize  this  particle- 
size  effect.  Even  though  the  LII  signal  can  hist  as 
long  as  600  ns,  a  short  detector  gate  viridth  should  be 
used  so  that  the  contribution  from  the  size-sensitive 
portion  of  LII  signal  is  minimized.  For  a  gate  width 
of  50  ns,  the  error  that  is  due  to  the  size  effect  could 
be  as  large  as  10%,  eis  estimated  by  the  integration  of 
the  LII  signals,  shown  in  Fig.  6,  over  the  time  period 
of  the  gate  width. 

C.  Laser  Beam  Shape  Effects 

The  results  describe  above  were  obtained  with  the  use 
of  a  laser  pulse  whose  spatial  profile  is  rectangular 
compared  with  a  Gaussiem  beam.  However,  typi¬ 
cally  lasers  do  not  generate  a  rectangular-profile 
beam.  Although  the  use  of  a  pinhole  can  reshape  the 
Gaussian  beam  into  a  rectangular-profile  beam,  the 
spatial  resolution  is  relatively  low  because  of  the 
diffraction  effect  from  the  pinhole.  The  use  of  a 
pinhole  also  reduces  the  efficiency  of  laser  power 
utilization.  Thus  it  is  not  feasible  to  use  a  rectangu¬ 
lar-profile  beam  in  a  2-D  LII  imaging  measurement 
that  requires  very  high  laser  energies  to  form  a  laser 
sheet  intense  enough  to  saturate  the  LII  signal. 

For  a  near-Gaussian-profile  beam,  the  laser  inten¬ 
sity  is  not  uniformly  distributed.  Increasing  laser 
energy  will  result  in  an  increase  in  the  effective  LII 
probe  volume,  in  which  the  local  laser  fluence  exceeds 
the  threshold  for  the  LII  signal  to  be  observed. 
Figure  8  shows  a  plot  of  the  LII  signal  taken  immedi¬ 
ately  after  the  laser  pulse  as  a  function  of  average 
laser  fiuence  of  the  laser  sheet.  The  LII  signal  was 
obtained  in  the  ethene-air  laminar  diffusion  flame  at 
a  height  of  40  mm  above  the  fuel  tube  exit  and  at  the 
radial  location  that  corresponds  to  peak  soot  volume 
fraction  for  this  height.  The  intensified  CCD  detec¬ 
tor  was  gated  on  for  18  ns.  The  laser  intensity 
across  the  laser  sheet  has  a  near-Gaussian  profile. 
The  thickness  ofthe  laser  sheet  is  ~350  p,m(FWHM). 
The  LII  signal  intensity  shown  in  Fig.  8  is  seen  to  be 
nearly  constant  for  a  laser  fluence  beyond  0. 1 7  J/ cm®. 
This  behavior  is  different  from  that  observed  for  the 
rectangular-profile  beam,  in  which  the  LII  signal 
intensity  decreases  after  saturation. 

Previous  point  measurements^  in  which  a  near- 
Gaussian-profile  beam  was  used  have  shown  that  for 
a  sufficiently  intense  laser  fluence  the  LII  signal 
exhibits  a  small  increase  with  an  increase  in  laser 


LASER  FLUENCE  (  J/cms) 

Fig.  8.  Effect  of  average  laser  fluence  on  LII  for  a  Gaussian- 
shaped  laser  beam.  These  measurements  correspond  to  an  ethene- 
air  laminar  diffusion  flame  at  an  axial  position  40  mm  above  the 
fuel  tube  exit  and  a  radial  location  that  exhibits  the  peak  soot 
volume  fraction  for  that  height. 


fluence.  A  similar  result  was  found  by  Tait  and 
Greenhalgh,^  who  used  a  laser  sheet.  It  was  sug¬ 
gested  that,  as  laser  energy  increases,  the  decrease  in 
the  LII  signal  that  is  due  to  vaporization  of  the  soot 
particles  was  compensated  for  by  an  increase  in  the 
effective  probe  volume,  resulting  in  a  near-constant 
LII  signal  intensity.  We  have  tried  to  generate  LII 
signals  by  using  a  doughnut-shaped  beam.  How¬ 
ever,  the  LII  signal  intensity  observed  continued  to 
increase  with  higher  laser  fluence,  suggesting  that 
the  response  of  the  LII  signal  to  average  laser  fluence 
is  sensitive  to  the  laser  beam  intensity  profile.  This 
result  is  likely  due  to  differences  in  the  expansion  of 
the  probe  volume  with  respect  to  the  degree  of  soot 
particle  vaporization. 

The  interactions  between  laser  beam  and  soot 
particles  may  also  have  significant  effects  on  the  beam 
profile.  For  a  Gaussian  beam,  more  soot  content  is 
vaporized  in  the  center  of  the  beam  than  in  the  outer 
portion,  because  the  laser  intensity  in  the  center  of 
near-Gaussian-profile  beam  is  larger.  The  vaporiza¬ 
tion  effect  decreases  the  absorption  of  laser  energy  by 
soot  particles,  particularly  in  the  center  of  the  laser 
beam.  Consequently,  as  the  laser  beam  propagates 
through  the  soot  field,  the  beam  diameter  becomes 
smaller,  because  the  wings  are  preferentially  absorbed. 
The  vaporization  of  soot  particles  also  affects  the 
tempord  profile  of  the  laser  pulse  as  the  laser  beam 
propagates  through  the  soot  field.  This  effect  is  due 
to  the  fact  that  the  soot  volume  fraction  in  the  laser 
beam  decreases  gradually  during  the  laser  pulse,  the 
less  energy  in  the  later  part  of  the  laser  pulse  is 
absorbed.  The  change  in  the  temporal  profile  of  the 
laser  pulse  may  affect  the  response  of  the  LII  signal  to 
laser  fluence.  To  minimize  the  experimental  error 
caused  by  these  effects,  the  laser  fluence  should  be 
kept  as  low  as  possible.  For  these  reasons,  it  is  not 
recommended  that  the  technique  be  used  in  large- 
diameter  and  heavily  sooting  flames  unless  care  has 
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been  exercised  to  examine  the  interaction  between 
the  laser  beam  and  the  soot  particle  field. 

4.  Imaging  Results  and  Discussion 

In  order  to  examine  and  demonstrate  various  aspects 
of  2-D  LII  imaging  for  soot  volume  fraction  measure¬ 
ments,  a  series  of  experiments  were  conducted  that 
involved  an  ethene-air  laminar  diffusion  flame,  a 
turbulent  ethene  diffusion  flame  and  a  benzene- 
methanol  droplet  flame.  These  experiments  were 
selected  to  demonstrate 

(1)  the  comparative  accuracy  of  the  2-D  LII  tech¬ 
nique  compared  with  previous  laser  scattering- 
extinction  measurements  in  laminar  diffusion  flames; 

(2)  the  capabilities  of  the  2-D  LII  technique  in 
gaseous,  unsteady  turbulent  diffusion  flames; 

(3)  that  2-D  LII  imaging  can  be  implemented  in 
the  presence  of  a  liquid  fuel  droplet  that  introduces 
additional  light-scattering  interferences. 

A.  Laminar  Diffusion  Flame  Measurements 

The  soot  volume  fraction  image  for  an  ethene-air 
laminar  diffusion  flame  measured  with  the  2-D  LII 
imaging  technique  is  shown  in  Fig.  9.  Because  soot 
particle  size  and  concentration  information  through¬ 
out  the  ethene  diffusion  flame  has  been  deter- 
mined,®’^°  it  is  possible  to  use  this  flame  for  the 
examination  of  the  accuracy  of  the  2-D  imaging 
technique. 

To  provide  access  for  the  laser  sheet,  the  brass 
chimney  for  the  burner  used  in  previous  work^’^°  was 
replaced  with  a  glass  chimney.  Part  of  the  glass 
chimney  was  painted  black  to  minimize  the  reflection 
of  LII  from  the  chimney  wall  onto  the  detector.  The 
flow  conditions  for  the  burner  were  duplicated  from 
previous  work.®  The  laser  sheet  was  directed  to  pass 
through  the  center  line  of  the  flame.  The  flame  has 
a  visible  flame  height  of  88  mm  and  does  not  emit 
smoke  from  the  flame  tip.  Thus  the  10-cm-wide 
laser  sheet  is  large  enough  to  cover  the  entire  soot 
field  in  the  flame.  The  spatial  resolution  for  the  LII 
images  is  170  pm  x  170  pm  x  350  pm. 

To  obtain  the  soot  volume  fraction  image,  the 
observed  LII  image  was  scaled  so  that  the  LII  signal 
from  a  pixel  corresponding  to  the  radial  location 
where  the  peak  soot  volume  fraction  occurs  at  the 
40-mm  height  is  equal  to  the  soot  volume  fraction  at 
this  location  from  laser  scattering-extinction  measure- 


Fig.  9.  Soot  volume  fraction  (/*y)  image  of  an  ethene-air  laminar 
diffusion  flame.  The  maximum  soot  volume  fraction  in  the  image 
is  9.8  X  10"®. 


ments.  A  comparison  between  the  soot  volume  frac¬ 
tion  measured  by  LII  imaging  and  the  laser  scattering- 
extinction  method  for  three  heights  in  the  flame  is 
shown  in  Fig.  10.  It  can  be  seen  that  the  data 
measured  by  the  LII  technique  agrees  very  well  with 
that  obtained  by  the  laser  extinction-scattering 
method.®  The  small  different  (^5%-10%  -  between 
LII  data  and  laser  scattering-extinction  data  is  prob¬ 
ably  due  to  the  effect  of  particle  size.  As  can  be  seen, 
the  deviation  usually  occurs  at  lower  heights  or  along 
the  flame  center  line  where  soot  particles  are  smaller. 
Numerical  analysis  performed  by  Melton®  shows  that 
the  intensity  of  LII  signal  at  the  maximum  tempera¬ 
ture  is  proportional  to  the  mean  particle  diameter 
raised  to  the  power  of  (3  +  0.154Xaet"^),  where  Xdet  is 
the  detection  wavelength  in  micrometers.  For  Xdet  = 
450  nm,  the  exponent  is  3.34.  The  deviation  of  the 
exponent  from  3  could  result  in  an  underestimation 
of  the  soot  volume  fraction  for  smaller  peirticles  if  the 
detection  system  is  calibrated  against  larger  particles. 
The  mean  soot  particle  diameter  (Dqs)  in  the  ethene 
fiame  has  been  measured  by  Santoro  et  aL^  to  range 
from  15  to  160  nm.  However,  the  difference  be¬ 
tween  the  LII  data  and  the  laser  scattering-extinc¬ 
tion  data  is  significantly  smaller  than  the  theoretical 
prediction. 

8.  Turbulent  Diffusion  Flame  Measurements 

The  turbulent  diffusion  flames  were  established  by 
the  injection  of  ethene  into  still  air  through  a  1-mm- 
diameter  250-mm-long  stainless  steel  tube  mounted 
on  a  traversing  stage.  The  flow  rate  of  ethene  was 
metered  by  a  rotameter.  The  2-D  LII  measurements 
were  made  for  two  different  burner  Re5molds  num¬ 
bers  (4000  and  8000).  The  visible  flame  heights  for 
Re  =  4000  and  Re  =  8000  flames  are  ^  300  mm. 

The  quantitative  single-shot  images  for  soot  vol¬ 
ume  fraction  distribution  were  taken  when  the  10-cm- 
wide  laser  sheet  was  passed  through  the  center  line  of 
the  turbulent  flames,  resulting  in  a  spatial  resolution 
identical  to  the  laminar  flame  case  discussed  above. 


RADIAL  POSITION  (mm) 

Fig.  10.  Comparison  of  the  soot  volume  fraction  profiles  obtained 
by  LII  and  laser  scattering-extinction.®  Solid  curve,  LII  data; 
dashed  curve,  laser  scattering-extinction  data. 
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The  error  involving  the  contribution  from  back¬ 
ground  luminosity  to  the  signal  intensity  in  the 
flames  was  found  to  be  less  than  2%.  However,  it 
must  noted  that  the  extinction  of  the  LII  signal  by 
soot  particles  located  between  the  laser  sheet  and  the 
detector  may  reduce  the  signal  intensity  by  as  much 
as  10%.  Typical  soot  volume  fraction  images,  extend¬ 
ing  over  the  region  from  10  to  20  cm  above  the  fuel 
tube  exit,  are  shown  in  Fig.  11.  The  LII  images, 
which  show  soot  particles  being  confined  in  turbulent 
eddies,  reveal  that  the  soot  distribution  is  highly 
intermittent.  This  soot  field  structure  is  similar  to 
the  observations  made  by  light-scattering  studies  for 
turbulent  acetylene^^’^®  and  natural  gas'®  flames. 
Figure  11  also  shows  that  the  soot  volume  fractions  in 
the  Re  =  8000  flame  are  generally  lower  than  those  in 
the  Re  =  4000  flame  by  at  least  a  factor  of  5.  It  is 
believed  that  the  higher  Re5molds  number  associated 
with  higher  flow  velocity  enhances  the  fuel-air  mix¬ 
ing,  thereby  reducing  the  time  for  soot  growth.  A 
similar  fuel  velocity  effect  on  soot  formation  was 
reported  in  the  study  of  turbulent  acetylene  flames  by 
Kent  and  Bastin.'^ 

C.  Free-Falling  Droplet  Flame  Measurements 
Single  benzene-methanol  droplets  generated  from  an 
aerodynamic  droplet  generator  were  injected  down¬ 
ward  into  the  postcombustion  gas  of  a  flat  premixed 
flame  burning  methane.  The  temperature  of  the 
postcombustion  gas,  which  contains  21%  oxygen,  is 
~  670  °C.  To  increase  spatial  resolution  for  LII  im¬ 
aging  in  the  droplet  flame,  the  2-m  spherical  lens  was 
replaced  with  a  1-m  lens  to  shape  the  laser  beam  into 


(b) 


Fig.  11.  Soot  volume  fraction  (/■„)  images  of  turbulent  ethene 
diffusion  flames:  (a)  Reynolds  number  4000,  (b)  Reynolds  number 
8000. 


a  200-|im-thick  sheet.  A  close-up  bellows  was  placed 
between  the  intensified  CCD  camera  and  the  105-mm 
ceunera  lens  to  increase  the  magnification  of  the  LII 
images.  For  these  conditions,  the  spatial  resolution 
is  30  (Jtm  X  30  |xm  x  200  |Jtm. 

Figure  12  shows  the  distribution  of  soot  formed 
from  a  680-p,m-diameter  burning  droplet  that  con¬ 
tains  75  volume  %  benzene  and  25  volume  %  metha¬ 
nol.  The  image  was  taken  50  ms  after  the  droplet 
was  injected  into  the  postflame  gas.  Similar  to  the 
structure  of  coannular  laminar  diffusion  flames,  the 
maximum  soot  volume  fractions  in  this  droplet  flame 
are  found  in  an  annular  region,  not  along  the  center 
line.  Because  benzene  (bp  80  °C)  and  methanol 
(bp  65  °C)  are  highly  volatile,  the  gaseous  fuel  vapor¬ 
ized  from  the  droplet  is  concentrated  in  the  wake 
region  behind  the  droplet,  forming  a  diffusion  flame 
.similar  to  the  coannular  gaseous  flame  geometry. 
The  higher  soot  volume  fractions  observed  in  the 
droplet  flame  compared  with  the  ethene-air  laminar 
diffusion  fljune  is  consistent  with  the  higher  sooting 
tendency  of  benzene.  The  soot  volume  fraction  ob¬ 
served  in  the  droplet  flame  is  sensitive  to  droplet  size 
and  methanol  concentration.  Significant  reductions 
in  soot  volume  fraction  were  observed  by  a  decrease  in 
the  droplet  size  or  an  increase  in  the  concentration  of 
methanol. 

5.  Conclusions 

The  present  investigation  extends  our  previous  work 
on  measurements  of  soot  volume  fraction  by  the  use 
of  LII.  The  results  of  this  investigation  indicate  the 
following; 

( 1 )  The  application  of  LII  for  instantaneous,  quan¬ 
titative  2-D  measurement  of  soot  volume  fraction  was 
confirmed  by  this  investigation.  There  is  good  agree¬ 
ment  between  the  LII  results  and  laser  scattering- 
extinction  data,  although  the  soot  volume  fractions 
measured  by  LII  are  a  little  lower  in  the  regions 
where  the  mean  soot  particle  diameter  is  small. 

(2)  Time-resolved  measurements  show  that  the 
decay  time  of  the  LII  signal  is  as  long  as  several 
hundred  nanoseconds  and  is  sensitive  to  laser  fluence. 
This  significant  effect  of  laser  fluence  on  the  LII  decay 
time  may  be  related  to  fragmentation  or  shape  changes 
of  the  soot  particles  under  intense  laser  heating. 
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(3)  The  LII  signed  was  found  to  decay  faster  in 
regions  where  the  mean  soot  particle  diameter  is 
smaller.  To  avoid  the  interference  of  elastic  scatter¬ 
ing  and  minimize  particle-size  effects,  detection  should 
be  implemented  immediately  after  the  laser  pulse, 
and  the  sampling  (gate)  time  should  be  short  (less 
than  50  ns). 

(4)  The  technique  has  been  used  to  obtain  2-D 
images  of  the  soot  volume  fraction  field  in  turbulent 
diffusion  flames  and  a  free-falhng  droplet  flame, 
demonstrating  that  this  technique  can  provide  quan¬ 
titative,  instantaneous,  and  high  spatially  resolved 
measurements  of  soot  volume  fraction. 
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